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PREFACE TO THE REVISED EDITION. 


SiNOFv the oviginal publication of tluB book in I88i 
groat advances have boon made in our knowlodgo of tlio 
sun, and in the four or five editions wliicli Imvo subse- 
quontly appeared the attempt has boon made to keep 
the book measurably up to date by the addition of 
appondicoB and notes, 

Tho time has' coino, liowovor, when such expedients 
are no longer adequate, and tho author has theroforo 
thoroughly rovised tho work, rowidting portions, em- 
bodying notes in tho text, and adding whatever soomed 
noccesary to make tho book fairly roprosentativo of tho 
solar scionco of to-day. 

Tho progress of discovery with respect to helium 
has boon so continuous and rajnd during tho revision 
and printing of tho work, that T have found it neces- 
sary to append a supplomontary note upon tho subject. 

Special thanks are duo to Prof, Hale for several of 
tho finest of tho twenty now illustrations, and to Ginn 
and Oo. for tho use of one or two cutB from iny Gen- 
eral Astronomy. 


j!ifo\m\bor, J896, 


V. 



FKOM PREFACI2 TO THE FIT4ST EDTTTON. 


It IB my pnvpo&o in tins Httlobook to proficnt a gun- 
ernl viovv of what, is known and boliovod about tlic sun, 
in iangimgc and mannor as unprorcBsional m ia uon- 
sistout with prceiBion* 1 write noilhur lor Bcionlific 
veaclovs as such, nor, oi> the other hand, for the nmsHOK, 
but for that largo class in fclio cou)munifey wljo, wjfc)un^t 
being thcrasolveB engaged in Rcicntiftc pursnitH, yut 
liavo Builicient education and intclligouce to he inlur- 
ostQcl in scientific subjects when pvesentuil in an un- 
tochnicftl inannor ; who dosii'c, and aro porfcolly coni- 
potonfc, not only to know the results ohtainud, i)iit U\ 
understand the principles and mothoda on which they 
doponcl, without caring to master all the dotnila of the 
invoBtigation, 

I have tried to keep distinct tho lino hetwcun tins 
covtain and the conjectural, and to iiiclicalo ua far as 
possible tho degree of confidonco to bo placed in data 
and conclnsions. 

It. ia hardly noccBPary to say tliat tho work has snnill 

claims to originality. I have made nso of niaterial 

snitod to my purpose from all acccssihlo Bourc(‘s; poss!- 

vji 
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bly in some eases (though I hope not) without giving 
sullUiiont credit to the original autliority. I have been 
speeially indol)ted to Secchij Loclcyorj Proctor, Pan- 
yard, Vogel, Hchellen, and Langley. . . * 


PiiiNOKTON, Augmi i. 188 i. 
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INTRODUCTION, 

WK IlELATI02^ '10 7 JFK AND ACTIVITY UPON THE EAIITH, 

lU'icjf Statement of the rriiieiijal Faotss relating to the Sun, and of tlio 
Accepted Views ns to its Constitution. 

Tt is true tliat from tlio liif>'lieRt point of i^iew the 
Run is only oiiu of a multitudo — a Rmgle star among 
millionR — thoufiands of wliieh^ moat Hkcly, exceed him 
ill brigliluoRR, iiiagnitiide, and power, lie is only a pri- 
vate in the host of heaven. 

Unt lie alone, among tlio countless myriads, is near 
onongli to afltJct torrcRlrial alTaira in any sensible dogroo ; 
and his inlluonuo upon them is such that it is hard to 
find the word to name it 5 it is more than mere control 
and dominanco. II 0 docs not, like the moon, simply 
modify and determine certain more or less important 
activiticR upon tlio surface of the earth, but he is almost 
absolntoly, in a material seiiRo, the prime mover of the 
whole. To him wo can trace directly nearly all the 
energy involved in all ])hononiena, mechanical, chemh 
cal,, or vital. Out oil his rays for oven a single month, 
and the eartli would dio; all life upon its surface would 

COURO, 

IN lore always has heon a more or less distinct recog- 
nition of this fact. The first man^s experience of the 
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iii’ftfc simset evor 'wittiusrfod by human oycfl nnist have 
made it tromondously obvioiiB, when he naw the sun 
descend below the liorixoiij and the thirkiiesH close in 
upon the osiidh, and felt the cliill of night, and fell 
asleep not luiowiu^ of a Bunnso to come — iinlesM, per- 
haps, Bomo divino revolution took pity on the liopelosH 
terror he must otherwiaG luivo Builerod, or nnloHs he 
may have been, like a little child, slow to notice and 
unable to coinprohoud what would frijijhten a more in- 
telligont being. 

Bnt while the material Buproinaey of the huh haw 
always been recoj^uizod by thoufijhtl’ul inindB, and luiB 
even boon nuidc the foundation of reli{i;iouB Byrttems, as 
with the Pcrsiium, it has been reserved for more mod- 
em times, and to our own century^ to show clearly just 
liow, in what souse, and how far the Hunl)oamtt are the 
life of tho earth, and the mn IiiiUHolf the symbol and 
vicogeroiit of tho Deity, Tho two doctrines of the corre- 
lation of forces and the conservation of energy, liiiviiig 
once boon distinctly appro) lended and forimilalod, it 
has been comparatively easy to conllrm them by experi- 
niont and observation, and then to tra(ie, one by one, to 
their solar origin, the diiferent classes of energy wlu(di 
proaont theinselvoB in terrestrial phouoineiia — to hIiow, 
for in&tancQjihoAV the power of waterfalls is only a trans- 
formation of the Bun^s boat ^ and that the same thing 
iH true, a little more remotely 'but just as (airtainly, of 
iho power of stoani, of electricity, and oven of animals. 
Idle idea ia now so fannliar that it is hardly uiKjessary 
to dwell upon it, and yet, for some of our readers at 
lenafc, it may be worth wliile to oxainino it a little more 
closely. 

Whenever work is done, it is by ilie undoing of somo 
previous work. When a clock moves, it is the uuwinch 
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iiig of ii spring or (Jio falling of a wciglit wliich keeps 
it going, and soiuo ones niiist liave wound it uji to begin 
witli. If the water of a river falls year after year over 
a eataraet, and is intercepted to drive our milkvvhoels, 
the river continues to run because soiiio power is con- 
tinually raising and returning to the hill-tops the water 
wht(ili has llowed into the sea— a process i)roci8oly 
etjuivalont to the daily rewinding of the clock. If the 
powder in a rillo explodes and drives out the bullet, its 
e.xplosivo enei’gy depends u])oii the fact tliat some power 
has placed the (loinponent molecules in such relations 
that, when the trigger is jnilled, and the exciting spark 
has, so to speak, cut the bonds which hold them apart, 
they rush together just ns suspondod weights would 
fidl if freed. Ilefore the same substance, which once 
was iv (flmrgo of gunpowder, but now is dust and gas, 
can again do llie same work, the products of the ox- 
jilosion must by some power he decomposed, and the 
aloms r('])laeed in llio saino relations as before tlio firing 
of the gJin ; and this pro(*-osH is nioehanically analogous 
to the lifting of fallen Avoights and jdacing them upon 
ol ova ted shelves, or hanging them from hooks, ready to 
drop again Avhon the occasion may require. 

Prociscly the saino thing is true of the boat pro- 
duced by the eomhnstion of ordinary fuel : it is duo to 
Iho collapse of molccnilos, for the most part of oxygon 
on one side, and carbon and hydrogen on the other, 
Avliich have boon separated and built up into structures 
by the aolion of some laboring power, 

I’lio same can ho sail I of animal power, for all inves- 
tigalioii goes to show tliat in a mechanical sense the 
liody of an animal is only a very ingenious and oftoctivo 
mm'liine, by means of which the living inhabitant Avliich 
controls it can utilize the energy derived from the food 
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taken into tliG stoinaeh, I'lio body, regarded as a medi- 
an ism, is only a food-engino in whicli the stoniuch ami 
iiingB stand for the fiivnaco and boiler of a steam-engine, 
tlio nevyoiia systoin for tlio valve-gear, and the nuiselcs 
for the cylinder. Jfow tlie personality witiiiu, wlueli 
wills amlaotft, is pnt into I'dation witli tins valve-geav, 
BO as to deter mine the unovcments of tlm body it I’e- 
sides in, is tlio inRorntablo mystery of life; the facts 
in the case, however, being no leas facts becanse inex- 
plicable. 

And now, when wo come to inquire for the source 
of tlic energy wUicIi lifts the water from the sea to the 
inonnlain-top, which dccoinpoaes tlio carbonic acid of 
the atmosphere, and plant-foods of the soil, and builds 
up tho liydrocarbons and other fuels of animal mid 
vegotnblo tissue, we fmcl it always mainly in llio solar 
vayfi. I say mainly because, of course, tlio light and 
boat of the stare, the impact of moteorB, and the prob- 
able slow contraction of the earth, are all real sonreos of 
energy, and contribute their quota. But, as compared 
with the energy derived from the sun, their total 
amount is probably someiliing like the ratio of starliglit 
to sunlight so small that it is quite clear, as wo said 

^ PoHlUot, Abo\it ffiSS, cumo to a conohmion ojjllroly InconHiBlont 
’wHh tlio fitAtomont ol the text. From hia AoUnomotrie obHoi vnlloiiH, 
ho iloiUiooil ft tcmpcmtui'o of —224” F. (—142” C.) for the 
povaluroof &pivcey which ia 230” (131 0.) above tho abHolulo zero. To 
nmlnlain this lempDJ'ntiiro of~-224”, 3io caiciiJiiioil Dint Ilia stnrs 
ppaco ill go no ml innal fnrnlsh to tho eavth about 8n pov cent, aa iniioh 
heat na the sun anpptloa. Ills caloulalioua, howover, vest upon aaaunip. 
UoiiH aa to tho laws of cooling and vadltiUon wliich avo not at pveaenl ve- 
colved ns necumto, mujf ho fftflsto take proper accimnt of tho Inftucncoof 
Wft tor- vapor hi tho ali^ — an influence, tlio inagnUudo of which waa first 
brought out more than twenty years Inter hy tho rcsourohoH of Tyndall 
and MugnuSH It is now gonomUy adniHlcd, thovofovo, that Ids roHult can 
iiof, bo accepted. 
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boforCj tliftt month’s doprivation of the solar rays 
would involve the utter destruction of all activity upon 
the earth. 

It is natural, therefore, that modern science should 
make \m\oh of the sun, and that the study of solar phe- 
noineiui and relations should he pursued with the great- 
est inioresi. h'or the last fifty years this has ))CGn 
esi)Gcially the case : Sehwabc’s discovery of the perio- \ 
dieiiy of the sun-spots in 1851; tlic doveloi)iiient of 
spcctroRCopie analysis hetwoeii 1854 and 1870; tlic 
edipse obsorvations since 18G0; the researches of Car- 
rington, Huggins, Do La Ilue,.Lockyer, Janssen, Secchi, 
‘7* ogel, Langley, Hale, and others ; the establishment of 
the observatories at Hotsdam and Meudon — these arc 
all evidences of the ardor with which astronomers have 
devoted thomsolves to the problems of solar science, and 
of their rich rewards. 

It may bo well, before entering upon ‘ the more 
extended discussion of our subject, to summarijio here 
(I few of the more important and obvious facts re- 
lating to the sun, with a brief statement of the views 
at present generally hold in regard to its constitu- 
tion. 

To the few unaided eyes which are able to hear 
its brilliance without flinching, the Bun presents the 
appearance of a round, white disk, a little more than 
half a degree in diameter — ^i. e.,a row of seven linndrcd 
suns, side ])y side, 'would just about fill up the circle of 
the horizon . Usually, without a telescope, the snrfaco 
appears simply uniform, except that there is a slight 
darkening at the edge, and that once in a while black 
spots are soon \tpon the disk. There is nothing in the 
sun’s appearance to indicate his real distance, and, until 
tliat is known, of course no conclnsioii can bo arrived at 
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as to his true dimensions ; bvit tho litMit of his raya is 
obvious, and, long boforo the days of tcleHcutpoH and 
tlierinomotorB, led to tho couchision tliat he is nothing 
more or lees than an enonnous ball of fire. 

If we watch liiin from day to day through tho year, 
beginning about tho Slst of March, wc shall Ihul tiuil 
at noon ho daily rises higher in tlio heavens, until ahoiil 
the 22d of Jnno; at this time he ascends to the sanie 
height each noon for sovoral ancecasivo days, and then 
slicloB slowly south, passing on Sopteinbor 22d the {de- 
vation he had at starting, and keeping on until, on 1 )e- 
eembev 2l8t, ho attains liis farthest sonlliing ; thence ho 
returns, till he reaches tho place of beginning, and 
night and day again are equal. 

If, at tho same time, one lias noticed tho stars each 
night, bo will find tho constellations to have sliiflcid 
with tho months, in siicli a way tliat it is clear that the 
sun has been traveling eastward among them through 
tho sky, as well as swinging north and smith ; moving, 
in fact, yearly around the hoavona in a path which is a 
great circle of tho aphoro, inclined some 2!hi° to the 
equator, and oalled tho ecliptic, hceanso it is only when 
tlio moon is near this lino at now or full that oclijises 
happen. 

There is nothing in this motion which of itself can 
inform ns whether its canso is a real movemont of the 
sun around tbo earth, or of tho earth around tho sun. 
At present, of course, every one knows that tho earth 
is really the moving body. A careful watching shows 
that her path is not quite circular, or, at least, that the 
sun is not exactly in tho center, since it is one hundred 
and oighty-six days through tho suinmor from tho vor> 
nal to tho autumnal oqniuox, and only one hundred and 
Bovonty-nino from tho autumnal to the vernal, 
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Tliifl miioli waH known to tlio ancientfi^ and tho one 
additional fact that tlio siin^a diafcuiice is many times 
gr(‘a(er than lliat of tlic moon; it is all that could pos- 
sibly he learned without tho use of the toleseopo and 
instruuionts of j)rG(nsioii. 

JVIodorii astroiKjmy lias p;ono imieli further. Wo 
now know iliat tin? suids average distance from tho 
(‘artli is about Od,t)()0,(HR) miles, and (Musocpiently (hat 
Ins (lianielor is about b()o,()()0 miles, Tlio siiii has 
IxtCfU W(‘iglied against the earth and found to contain 
a quantity of matter lU'arly ()()() times as great, and 
(*{>ni))ariug this witli Ids (mormons hulk, it appears that 
his mean density is only ahoni one fourth that of 
tile (’artli, or one and a quarter limes that of water 
— ill other words, the m(m of tho siin is about one 
fourth greater than that of a globe of water of tlio same 
size. 

r The visible surbu'e of llie sun lias l)ccn uninod the 
lp/io/os/>/i(Wy and by wat('liing tlio spots, wlnhdi omi- 
Hionally appear upon it, we liave ascertained tliat it 
\ revolves ujam i(s axis once in about twentydivu ami a 
1 (puirtiT days. At times of l^otal etdijise, when the moon 
hides from us the body of the snu, we arc enabled to 
s('o (‘ertain outlying jilnniomena at other times inviBihle. 
We find close around the himinmis surfaco a rose-cob 
oj’(‘d stratum of gaseous mat. tor to whi<‘h hTaukhiTid and 
\ biadcyer some years ago assigned tlie name r»f ohromo- 
Yphevc. Hero and there great mas.4es of this chromo 
Udieric matl:er rise liigli above the general level like 
Udouds of flanu‘s, and are then knmvn m j^rominenGca or 
proinhenmeeii, 

Oulsido of tho cliromospliero is tho mysterious co- 
rontty an irrcgiihir halo of faint, pearly light, composed 
fur the most part of radial 11 laments and atreamors, 
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wliicli extend oiitwai-d from the sun to an onovinoiiB 
distaiico; often inoro tlum a million of iniloB. 

The apeetroKeo])^ infoniis us that, in great part at 
least, tho olonicnts^ which exist in the lower regions of 
the solar atinosphoru in the state of va])or, are metals 
wo aro familiar with u:)>on tho earth ; while it shows 
the cliroinosphcro and proimaenees to consist mainly 
of hydrogen and helium, and makes it possible to oh- 
sorvo tliom even when tho sun is not hidden by tho 
moon, Tho soevet of the (?orona it fails to nnlo(!k us 
yet, though it informs m of the presence in it of an 
unknown gas of ineoncoivablo tenuity. 

Tho py7*h6lio7neier and {(otinoDidfU* lUGasuro for us 
tho ontilow of solar heat, and show us that the blaze is 
at least sovon or oiglit times as intense as that of any 
furnaco known to art. Tho quantity of boat ennitted is 
enough to melt a shell of ice more than a foot lhi(?k 
over tho wliolo surface of tho sun overy s(‘ei)n<l of time t 
this is cquivalout to the cousutn])lioii of a layer of the 
boat antliracite coal over flvo inches thick every single 
minute. 

Ooinhining tho facia just stated, astronomers are for 
tho most part agreed upon tho following eomdiisions as 
to tho constitution of tho sun : 

!♦ Tho central portion ia probably for tho most part 
ft mass of intouBoly heated gases. 

2, Tlio pliotosplmro is a shell of hnninons clouds^ 
formed by tho cooling and condensation of tho condom 
siblo vapors at tho surface, where exposed to tho cold 
of outor spaeo. 

3. The chromoftphoro is composed mainly of uncon- 
douBlblo gaeos (conspicuously hydrogen) loft l)ehind by 
tho formation of the pbotosphoric clouds, and bearing 
Bomolbing the same relation to thorn that the oxygon 
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and nitrogen of onr own atmosplicre do to oiir own 
domh, 

4 The corona as yot lias received no explanation 
wliicli (tonnnaiulH universal assent. It is certainly truly 
Hohiv to some exteiitj ami very possibly may be also to 
some cxlorit nietcoru* 
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DTSTANOm AND MMEN^WNS OF Tim SON. 

Impoiifmco of tlui rrobloin. — DyfmUioii of Parnllax, — AriHtavulnm’H Dator- 
n^limtion of tho Pa ml Ins. — Dilfoveiit AvalliiUlo ilI{‘tlnHlH.i-~OlJ^^C'rvl^ 
tlons of Mara niul of tho iicnror Aatcroida. — TranHUn of Yoiuia.— 
Ohservatlons of (’ontacla niirl Photo^riipbic Work,— J)otr‘ni>t nation 
of Solnr rnniUnx by nieaiia of tho Yishicily of by Tamar ami 

Pliinotnry Perturbation a, — IlluHtratlons of llu) InmumHity (»f tlio 
Sun^H Dlfltajicc. — DIainoler of tho Sun. — The Hiiu’h Muhh anti Denaity. 

Tim problem of finding tho distiineo of ilio biiu 5h 
0110 of tlio most iinporliuit and dillicnlt itroKonloil iiy 
nstroiiomy. Its iiiiportaneo lies in tliia, tlnit this din- 
{jnico — tho indiiis of tho earth’s orbit — is tho Imsc-lino 
by inoaiia of which wo measuro ov^ory othor colcmliid 
distnncG, oxcoplhig only that of the moon ; so that error 
in this base propngates itself in all directions tlirough 
all spaco, alToctiiig with a oori’csponding' proportion of 
fftlseliood every measured line — the distiin'ce of every 
star, the radius of every oi’hit, tho diamotor of every 
planet. 

Onr estimates of Uio innRSCs of tlio hoavoiily bodies 
also depend upon a knowledge of tlie sun’s distance 
from tho earth, 'riio quantity of matter in a stav oi 
planet is dotorniincd by calculations whose fmidiimoutal 
(lata include tho distinico hotwoon the investigated liody 
and some other body whoso motion is controlloil or 
niodifiocl by it; and this distance generally euterfl into 
tho ooinpntntioii by its cube, so that any error in it hi- 
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volvet) 11 more i.lmn tlirecfokl urror in tlio resulting mass. 
Au uneurtainty of one per cent, in the sun’s distance 
implies an uncortaiiity of inoro than throe per cent, in 
every coloslial mass and every cosmical force. 

Error in this fundamental element propiigates itself 
in time also, as well a»s in space and mass. That is to 
say, our calculations of the mutual effects of the idaiiete 
Upon each other’s motions depend upon an accurate 
knowledge of their masses and distances. By these 
eahiulations, wei’o our data perfect, we could predict for 
all futurity, or reproduce for any given epoch of the 
past, the coniigurations of the planets and tlio con- 
ditions of their orbits, an<l many interesting problems 
in geology and natural history seem to rocpiire for their 
solution just HiK^li determinations of the form and po- 
sition of the earth’s orbit in by-gone ages. 

Now, ilio slightest inaccuracy in the data, though 
hardly affecting the result for epochs near the present, 
leads to error which accumulates with the lapse of 
time; so that ovtm the present uncertainty of the sun’s 
( 1 istrtn(*e, small us it is, renders precarious all conclu- 
sions from sihA conijuitations wlien the period is ex- 
lomhid more than a few himdrod thousand years, Tf, 
for instance, wo should find as tlio resnlt of calcnlor 
lion witli the received data, that two millions of years 
ago tlic ecccnf.ricity of the earth’s orbit was at a maxi- 
mum, and the perihelion so placed that the sun was 
nearest during the northern winter (a condition of 
affaii'rt which it is thought would produce a glacial 
opocli in tho southern hcinispherc), it might easily 
Imjipon that our results would ho exactly contrary to 
tlic truth, and that tho siato of affairs indicated did 
lint (K'ciir within ton thousand years of tho specified 
date — and all because in our calculation tho sun’s dis- 
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i.ancGj or iho Rolar parallax by which it is mcasurcdj 
was as&nniGcl half of ono per coni, too great or too 
small. In fact* this solar paralbix outers into almost 
ovcry kind of astronomical computations^ from tlioso 
which doal Avitli stellar systoms and the conslitulion of 
tho univorse, to those whicdi have for their object noth- 
ing higher tlian tho prediction of tho moon’s place as 
a means of finding the longitude at sea. 

Of course, it hardly need bo said that its dotoi'miiia- 
tion is the first step to any knowledge of the dimensions 
and constitution of tho sun itself. 

This ^‘parallax” of the sun is simply t/io mujular 
^Qmi^dicmeter of the earth as seen from the sim ; or, it 
may bo defined in another way as tho angle bctwCLm 
the direction of tho sun ideally observed from tho center 
of tho earth, and its actual direction as scon from a sta- 
tion where it is just rising above tho horijion, 

AVc know with great accuracy tho dimensions of tho 
oartln Its moan equatorial racliiis, according to llark- 
noas’s latest detormiuation (agreeing, however, very 
closely with previous ones), is 3903'124 English miles 
[C3Y7’072 kllomoLros], and tho error can hardly amount 
to more than whole — perhaps, 800 feet, 

ono way or the other. Accordingly, if wo know how 
largo tho earth looks from any point, or, to speak tech- 
nically, if wo know the parallax of tho point, its dis- 
tancG can at onco bo found by a very easy calculation : 
it equals simply [200,263 X the radius of tho earth ] h- 
[tho parallax in seconds of arc]. 

* Tlila luainbor 1i0S,206 ifl Uio Jenglh oi? tho rndluB ot a otrolo ox- 
prcflBod In flcconrls of Ita olmiraferoncc, A ball ono foot In actual (llnm- 
Qtor \7<)iild Imvo au apparent dlamoior of ono BOcond at a distance of 
205,20B foot, or a HUlo niovo tlinii 89 mllcB. If its appaiont dlamoior 
wero 10^, Its dlstanco would, of coiirso, bo only A ns groat. 
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Now, in Ukc (mac of tlio bud it is very cliflionlt to 
fliid tlio ]mmllax W’itli Bnfficient precision on aecoimt of 
ite sinalhiosa — it is less titan 9", alniost certainly between 
3‘75" and S'SS". But this tenth of a second of donbtfnl- 
ness is more than yJtt of the whole, although it is no 
more than the angle subtended hy a single hair at a dis- 
tance of nearly 800 feet. If we call the paralhi.x 
which is probably very near tlio truth, the distance of 
the sun will come out 92,892,000 miles, while a varia- 
tion of ^ of a second either way will, change it about 
half a million of niilos, 

When a surveyor has to find the distance of an in- 
accessible object, ho lays off a convenient hasc-lino, and 
from its extremities observes the directions of the ob- 
ject, considbring himself very imforUniato if bo can 
not get a base whoso Icngtli is at least -jtj of the dis- 
tanco to be measured. But the whole diameter of the 
eartli is less tlian T:xiTn» distance of the aim, 

and the astronomer is in the predicament of a sur- 
veyor who, having to measure the distance of an ob- 
ject ton miles off, finds^himsolC rostiictod to a base of 
ioRB than live feet; and herein lies the diffienlty of tlio 
prohlom. 

Of course, it would bo liopclcss to attempt this prob- 
lem by direct observations, sneb as answer perfectly ir. 
the case of tho moon, whoso distance is only tliirty 
times tho earth’s diameter. In her cose, ohaorvationa 
taken from stations widely sopni'ated in ktilndo, like 
Berlin and tho Capo of Good Hope, or Washington and 
Santiago, dotermine her parallax and distance with very 
satisfactory prociBion ; hut if observations of tho same 
aconracy conlcl bo made upon tho .sun (which is not tho 
case, since its boat disturbs the adjustments of an instru- 
ment), they would only show tho parallax to bo some- 
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where between 8^' and liV'; its distaneo boUveon I2ry 
000,000 and 82,000,000 miles. 

Astronomers^ therefore, have been driven to employ 
indirect methods based on various principles : some on 
observations of the nearer planets, some on caleulatioiis 
founded upon the irregularities — the so-called pertur- 
bations — of lunar and planetary inovenionts, and some 
upon observations of the velocity of light. Indeed, 
before tlio Christian era, Aristarclpia of Samos had de- 
vised a method so ingenious and jjretty in theory that 
it really deserved success, and would have attained it 
wore tlie necessary observations siLsceptible of Bullicieni: 
accuracy. 

His idea was to observe carefully the number of 
hours between new moon and the iirst quarter, and also 
botwcon the quarter and the full. The Jirst interval 
should bo shorter than the second, and the dilToroneo 
would dotcnniiio how many times the distaneo of the 
sun from the earth exceeds that of the moon, as will 
bo clear from the accompanying figuro. Tiic moon 
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i-eaches its cpiarter, or appears ns a half-moon, when it 
arrives at the point Q, where the linos drawn from it 
to the sun and earth arc porpcndieular to ea(di other. 
Since the angle H E Q — E S Q, it will follow that 
H Q is the same fraction of 11 E as Q K is of E S ; so 
tliat, if II Q can bo found, wo shall at once have the 
ratio of Q E and E S, Aristarchus thouglit ho hud as- 
cortainod that the first quarter of the month (from N to 
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Q) m\i\ about 1*2 lioura sliortor limn tlic sectond, from 
which Iio cotnpntod iho min to bo about iO timcB as dis- 
tiint as tlio moon. The difllculty lies mainly in the 
impossibility of determining the instant wlien the disk 
of tliO moon is exactly bisected, and dejicnds partly 
upon the fact that the lunar surface is very rough, and 
partly upon the fact that the sun’s diameter is nearly 
twi(*-e that of the orbit of the moon, instead of being a 
mere point, as in the iigmu Tlie boundary between 
light UTul darkness — the terminator^ as it is called — is 
both irregular and ill-deiined. The real difforeuGO be- 
tween the two (pmrtors is not {piito 3() minutes, so that 
the sun’s distance is about dOO times the moon’s* h'or 
inoj‘o than i/)00 years, however, the result of Aristar- 
cluis stood umpicstionod, having been accepted by THp- 
pai'clms and Ptolemy, 

The different inetliods upon which our present 
knowledge of the sun’s diatauco depends may bo classi- 
bed as follows : 

1. ObHorvatlons upon tho planet Mars near opposition, in two dis- 

linct ways : 

{a) ObHerviiiions o£ the planet’s docli nation in ado from sta- 
tions widely sopavated in latitude. 

(ft) Observation 8 from a flinf;lo station of the planet's right 
* aBooiiHioii wiien near the eastern and wostorn horixons 

—known aa inamstcod’H or bond's method. 

2. Ohsorvatlons of Venus at or near inferior oui^innotions: 

(fO Observations of lior distiinoo from small stura moasurod 
at stations widely difVoront in laliludo. 

(&) OlmorvuUons of tho transits of the planet: L By noting 
the duvnlim of the transit at wldely-HOparatod sta- 
tions; 2. By noting tho Iruo (Ireenwloh time of oou- 
taot of the j»lanot with tho siin^s llmh ; 8. By moasur- 
ing tho distam'o of tlio planet from tho sun's llmh with 
sui table mieroiuelrie apparatus ; A, By photographing 
tho transit, and Hubseipioutly measuring tlio pioturos^ 
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8. By obaoiving the oppositions of tlio iioavcr nsteroidaiii the suiiin 
iiinnncr as thosu ol‘ Mars. 

4. By means of the ao-eallcd parallactic inequality of tluMiionu. 

5. By moans of tlio monthly equation of tho sun’s motion. 

0* By moans of tlio ])Oi'Uirl)fttioiis of tho planets, winch furnish ns 
the moaiia of computing the ratios between ihe of 

tho plnnots and tho sun, and eonsoquontly their dirtimu^cs" 
known as Lcvorrior*s method, 

y. By measuring tho velocity of light, and combining tho rosulli 

(а) with oq nation of liglit” between tbo eartli and sun, or 

(б) with tho constant of aberration.’^ 

Our Bcopo and limits do not, of conrso, roquirci or 
allow any exhaustive discussion of tlioso dilToront iiudh- 
ods and their results^ but some of them will repay u few 
moments’ consiclovation ; ' 

Tho first thveo methods, known as the irif/(wo- 
metyncal methodsy are all based upon tiie same gonmil 
idea, that of finding tho actual distance of one of llie 
nearor planets by observing its disjdacoment in tho sky 
us seen from romoto points on tho earth. The rvl(h 
tiroo distances of the planets are easily found in s(3V“ 
oml difloront ways,'^ and are known with very grea!. 

* One inothod of dctcminhig the rolatlvo distnucca of a planet and 
tho Bim from enoh other and from Iho earth h tho following, known mnen 
Iho (lays of lllpparclmat Eirat, obflcrvo llio date wlien Uic planut conn-H 
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to Its opposition — i. 0,, whon buu, earth, and planet tiro in lino, aa in ilio 
figuro, where tho planet and mvi\\ are roproaontod by M ninl E. Next, 
ft f tor ft known uuihbor of days, say one hundred, when tho pknot haa mh 
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Ji5Cnni(^y — I, ho pussible error hardly reaching the ten- 
I iiounaiultli in even tlio most unfavorable cases. In 
other words, wo are able to draw for any moment an 
ox(;c(Mlingly accurate map of the solar system— the only 
ijuestinu being as to tiie scale. Of course, the determi- 
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uaiioji of any line in tho map will fix this scale; and 
for tills purpose one line is as good as anotlievj m tliat 
tho measurement of tlio distance from the earth to tho 
})lanot Mars, for instance, will settle all tho diiiicnsions 
of the Hyslom. 

vanw’d to W and Iho earth to E', obHorve the planct^s elonpratlon from 
tlui Him, 1. 0,, the aiifjlo M' E' S. Now, shico wo know Iho porioilio times 
of both'Lho oartli aiul planet, wo Hlmll know both tho angle M S moved 
over liy tho planet in oiio Imndrcil days, and nlao E de?criijed in tho 
Hame tlimi by tho ourlh, Tho dlffot'onco is M' S E, often culled tlie ay nodi o 
angle. We liavn, fthoroforo, in the tri angle M' S E', the angle at E' 
monanred, and tho angle M' 8 E' known na stated above, ami hcnco by 
tlio ordinary proeosHOs of trlgonomotry wo can find tho velntivo valncB 
of Ita ihi'oo Hides. 

8 
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Fig. 3 illustrates tlie iiicLkoil oC observation. Sup- 
pose two observers, situated one near the north pole 
oJ! the earth, the other near the south. Leoldng at tlie 
planet, tlio northern observer -vvill see it at N (iii the upper 
figure), wliilo the other will sco it at H, lartiier nortli in 
the sky. If tlio northern ohaorver sees it as at A (in 
the lower part of tlio figure), the Bouthorn will at tlvo 
same time see it aa at JJ ; ami, by measuring earofulij? 
at each station tlie apparent distance of the planol, from 
several of the little Htars (a, fi, o) whieli appear in the 
field of view, the amount ot tho disphieement can ho 
accurately ascertained. Tho figure is drawn to senle. 
Tlio circle E being taken to represent the size of the 
earth as seen from Mars when nearest ns, tho black disk 
roprosonts tho apparent size of the planet tin tho same 
scale, and tbo distance bctwcon tlio [loiiits N and B, in 
oitbor figure A or It, roprosonts, on the same scalo also, 
the displneemont whieli would ho produced in the plain 
ot’s position by a transfeveiieo of the observer from 
Washington to Bantiago, or VMe verm. 

Tho first modern attempt to detcriniiie the sun's 
parallax was made by this method in 'l(i7(), when the 
rronch Academy of Bcicuccs sent llhdior to Oayoniu! to 
observe the opposition of Mars, while ('ussiiu (who jiro- 
posod the expedition), llocmor, and I’icard ohsorved it 
from difioront stations in Franco. When the results 
came to ho compared, however, it was foiiml tliat tho 
planet’s displacement was imjicixioptihle hy their exist- 
ing means of observation ; from this they inferred, tliut 
the planet’s parallax could not exceed liulf a minute of 
are, and that tho sun’s could not ho more than 10". 

In 1T>'>2 Lficnillo at tlie fiapo of (lood TIojio made 
siimlar ohsorvallons, and their comparison with cor- 
responding observations in Europe sliowed that instru- 



DISTANCE AND DIMENSIONS OF THE SUN. 


19 


mouts had so Xar improved as to make the displacement 
quite sensible. lie fixed tlie sun’s parallax at 10", cor- 
responding to a distance oX 82,000,000 miles. 

In more recent times the method has been frequently 
applied. It can be used to the best advantage, of course, 
when, at the time of “ opposition,” the planet is near its 
)>oriholion and tlio earth near its aphelion, for then the 
distance between Mara and the earth is tlio least possi- 
ble. Those favorable oppositions occur in the late sum- 
mer or early autumn about once in liftcen years, as in 
1817, 181)2, 1877, and 1892. 

The meridian observations which furnish the ma- 
terial of inetlmd l«, and wore mainly relied on until re- 
cently, Beem for some reason, perhaps connected with 
the planet’s red color, to ho untrustworthy ; at any rate, 
tliey gonovally give values of tlio parallax persistently 
about one per cent, larger than the other methods, and 
ratlior discordant among theinQolvos. 

Flamsteed’s motliod, on the other hand, stands very 
high, especially when so modified as to utiliiso the co- 
operation of numerous observers in diilerent countries. 
Though lirst snggosted long ago, it would liavo amounted 
to very little with the instruments then available, and it 
laid been practically lost sight of until the expedition of 
Dr. CHll to Ascension Island, in 1877, brought out its 
real value. 

His inatriimont was a “ holiomotor,” loaned by Lord 
Lindsay for the occasion* It consists osscntially of a 
telescope having its object-glass divided into two semi- 
circular pieces which can slide by enoh other. Each 
luilf of the Ions makes its own imago of tho object under 
examination, so that by properly sotting tho somi-lonsos 
tliG images of two noigliboring stars can bo made to 
coincide ; and if wo know tlic displacement of tho two 
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lonsea^ which can ho moasiired l)y an nccuvato flcalo, Lln^ 
angular distance bolwoen the slam can bo (IctuvinUuul 
with a precision iinattainnl»U) by any other known pi‘t>. 
cess. The instruincut is delicate, comjdieatod, and dilU- 
cult to use, but in the iuinds of an adept it is thoroughly 
reliable. It was with the helioniotcr that llesael, in 1 KIIH, 
first souiKlecl interstellar spwic by ineasuring the aimiml 
parallax* and distance of (il f'ygni. 

Mr. Gill’s observations consisted in inoasurenuintH 
of the apparent distance between the planet and tins 
stars lying iiear its path, and of the distances hotwi'(sii 
the stars themselves; the prinoiisal ohsorvatssrieH also 
co-ojserated in the work by detorniiuiug with the iitnsssHl. 
precision the absolute places of the stars. Tt wonhl 
take too imich space to explain fully how from sutdi 
observations the solar parallax can be accurately worked 
out ; blit any one can easily see that when the ]ilant‘t in 
rising the effect of parallax (which always iriakos a liiuly 
appear loxocr in the heavens than it otherwise would) is In 
shift itapparcntly toward thocflA'i/ when Mars is in tin* 
west the apparent shift, on the other hand, is westward ; 
and by comparing the inetvsuroments made at all htnira 
of the iiiglit for several consecutive weeks the plnmd’iii 
regular orbital motion and the amount of this daily 
parallactic shift can bo scjiafately detornuned with mi- 
nnto exactness. 

As the final result of the wliolc operation, Dr. (iill 
obtaiiiocl 8'780® ± 0*020" for the sun’s parallax. 

Several of the minor plauols or asteroids whicdi have 
very eccentric orbits at limes como so near us at npjin- 

'♦•'Tlio ‘‘annual,” OP “hollftcoii trie,” “ parallax ” of n Btnr 1 h r\ui ihti 
samo as Ha horizontal pnrallivx, or anpalar Hcmkllainotcir nf Iho tuinh m 
seqn from tlio Btar^ It la the Rotnl»tllaiiioler of Uio cavili'a orhU vli:"vrtKS 
from the star, and is nearly twelve thouHanil tlmos ^routor than Iho othwf* 
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sition that they can bo advantageously observed in the 
same way. Tliey never approach rpiito as close as Mai‘s 
does, but per contra they are so much smaller that 
they look just like stars, and cun be observed with the 
heliomotor much more accurately than a planet which 
presents a disk. Very recently, in 1889 and 1800, a 
coiicortod system of observations was made upon Vic- 
toria, Iris, and Sappho by .Dr. (rill, now the Astronomer 
Eoyal at the Oai)e of (xocd Hope; Dr. Elkin, of the 
Yale Oollego (Ibsorvatory (whi(d» possesses a lino heli- 
oinoter, an oxaet mate of Dr, (i ill’s, and the only one 
in the United States), and two or throe Gorman ob- 
Borvers with smaller iustrnmonts. The results arc very 
satisfactory, ranging from 8*790''' to 8*825", the nieau 
being 8*807", with a probable error of only 0*000". 

So far as can be judged from the details thus far 
published, this determination must bo conceded the pre- 
cedence over all othora in respect to its probable freedom 
from' constant ami systematic errors, and from theoret- 
ical diniculticR. 

In observations of this sort u))on or the aster- 
oids, the position and displacement of tho planet, as 
soon from dilforont stations, are determined by com- 
paring it with neighboring stars. AVhou Venus, how- 
ovo]‘, is nearest ns, she can ho observed only by day, so 
that in her case star comparisons are as a general thing 
out of tho question. But occasionally at her inferior 
conjunction sbo passes directly across tho disk of the 
sun, tlio plienomonon being known as a ^‘transit.’’ 
Tlioso transits are very i-aro, coming (at present) in 
pairs, tho two transits which constitute a pair being 
Boparatod by an interval of eight years, wliile between 
tho pairs thomsolvcs there is an interval of cither one 
hundred and thirty or one hundred and thirtoon years. 
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They ooovir eittiev in Juno or December, and tliuB fur 
there have been six since tlie invention of the teloscopo ; 
viz., in Decembe]*, 1631 and 1639; in Juno, ItOl ainl 
It 69 ; and in December, 18M and 1882, the next pair 
being due in June, 200-1 and 2012, 

On those occasions the parallactic displacement oi 
the planet as seen from dilforont stations can ho deter- 
mined by making any such observations ns will oimlJo 
the computer to ascertain accurately her apparent dis- 
tance and direction from the snu’s eoiitcv at some given 
moment. 

Gregory in 1663 first pointed out the utility of Hiieh 
observations for nscertaiuing the parallax, but it was 
not until some fifteen years later that the subject wn.s 
fairly brought to the attention of astronomers by 1 1 al- 
ley, who discussed the matter thoroughly, and slioweil 
how the problem might bo solved with accuracy by 
observations such as wore pmeticablo oven with tlic 
instruments and knowledge then at command. 

From that time for fully two hundred years it wim 
the almost universal opinion of nsti'onomcrs thiil. no 
other method could rival this as a moans of determining 
the distance of the sun. 

The transits of 1Y61 and 1769 were observed in nil 
accoBsible quarters of the globe by expeditions sent tint 
by the different govornments. From dilforont stjln of 
these observations variously comlnucd by dilforont tmm- 
putorsj values of the solar parallax wore oi)taincd ranging 
all the way from TS'*' to 9'2‘'. A goiioral discusHion of 
all the material afforded by the two transits was lirnl 
made by Encko in 1822, and ho obtained, ns tins nmiti, 
probable voanlt, the valno S'CtYO", which from that limit! 
for more than thirty years was ncecptcci by all arttroim-' 
mors as the host attainable approximation to the truUi. 
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In 185^1- Hanson, in publishing some of his results 
res peeling iho motion of tlu^ moon, announced that 
Kneko's Viilu(3 of tlie solar ])arallax could not be recon- 
ciled with his invcstigalioiks ; wdthin thenextsixor seven 
years several in(]e})endont researches by other astroiio« 
men’s (umlirmed his coiudiisions; and the inoro recent 
r(3(unnputations by Powalky, Htono, Faye, and others, 
sliow tlial; the errors of observation were so eonsiderablG 
in I7db that nothing more can bo fairly deduced from 
that transit than that the solar parallax is proba\)ly 
somewhere bt^iween 8’7'' and 8*0". 

^Idie metliod of observation then used consisted sim- 
ply in lading the moment when tlic limb of the planet 
came in contact with that of the sun— an observation 
which is attended with much more clifliculty and nnccr- 
tainiy than would at first be supposed, Tlie difflcnl- 
ti(3s dei>end in part upon the iinjierfections of optical 
instruinenls and the human eye, partly upon the essen- 
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tial nature of light, leading to what is known as difTrac- 
tion, and partly upon tho action of the planet’s atmos- 
])here. Tho two flvst-namcd causes produce what is 
called irradiation, and operate to make the apparent 
diameter of the planet, as seen on tho solar disk, sinall- 




THE SUN. 


24 

or tliftu it really is — smaller, too, by an amount ^vhicli 
vavies witli the size of the tolescope, the porfeeiion of 
its lenses, and the tint and brightness of the sun’s image. 
The edge of tlio jdanet’s image is also rendered slightly 
hazy and indistinct. 

The planet’s atmosphere also canses its disk to he 
surrounded by a narrow ring of light, whicli bec^omess 
visible long before the planet touches the suu, and at 
the moinei^t of internal contact produces an appoartiuce 
of which the accompanying rigurc is intended to give 
an idea, though on an exaggerated scale. The planet 
moves so slowly as to occupy more tliau tweidy minutes 
in croBsiug the sun’s limh ; so that, oven if the planet’s 
edge wore perfectly sharp and definite, and the sun’s 
limb undistorted, it wotild ho very diilicuU to deter- 
mine the precise second at which contact occurs ; hut as 
things are, observers with precisely similar telos(M>])eK, 
and side by aide, often differ from each otln'r live or 
six seconds ; and where the telescopes are not similar 
the clillorGiiecs and uncertainties arc mucJi giuMiter, 
The extent of the cliflicuUy can he judged oC by the 
simple fact that from the whole mass of contact uhsor- 
vatlons obtained in 1874 by the difforciit British ])avii(m 
which observed the transit, tlireo dilTeront values of the 
solar parallax have been deduced by dilTorcnt computers, 
viz., the ofllcial value 8'7G^^ by Airy, 8’8l" by Tnjumm, 
and 8^88'"^ by Stono. These (lifforcneeB depend mainly 
upon tlio difforont intcrprctiitions given to tiio de- 
scription of phenomona noted by tho ohsorvors in the 
field. 

In J883 things wore pGrlmi)S alittlo bettor, as many 
of the ob&orvors had the boimfit of exporionco in 1874. 
ProfesBor Newcomb dcduccfi from all the ohsorvaiions 
of internal contact in the two transits a solar parallax 
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of 8*7Y()^ :J:: 0‘023", But many of the several hundred 
observations were seriously discordant. 

llie difiiculties of the case were fully realized at the 
liiuo ^vlK^^ preparations wore making for the observa- 
tion ot the transit of 18^4^ and astronomers were dis- 
pt)Ht3d to put more reliance upon mieronictric and plio- 
tograpliic iiujtliods, which are free from these ])ccnliar 
dilliculties, though of conrae beset with others, which, 
however, it was hoped would prove less formidable. 

All the mimorous expeditious, therefore, which were 
sent out hy the various governments to observe the 
transits of 1871- and 1882 were equipped to use one or 
both Iheso niothods. 

All the eight German parties, two or three of the 
Itussian parlies, one English, and ono Belgian party 
wore provided with heliomctcrs, and busied theinselvea 
during the transit with measuring the distance of the 
planet from the edge of the sun’s disk. The results of 
the Gerniaii observations have boon fully worked out 
and ]nd>liHhod. Erom the four hundred and forty-six 
diJTerent measures Auwors deduceB a solar parallax of 
8 '878" ± 0*010^^ ; Iho value is surprisingly large, hut the 
magnitude of its probable error indicates that the obser- 
vations did not agree vei'y closely. 

T\\q Americans and French placed their main reli- 
ance upon the photographic method, wdiile the English 
and (iennana also provided for its ubo to a eertain 
oxtont, The great advantage of this method is that 
it makes it possible to perform the necessary measure- 
ments, upon whoso accuracy everything depends, at 
kneuro after the transit, -witliout hurry, and with all 
possible precautions. The field-work consists merely in 
obtaining as many and as good pictures as possible. A 
principal ohjcotioiito the method lies in the difficulty 



of obtaining good' pictures — i. c., pictures free from dia- 
tortion, and so distinct and sliarp iia to bear high imug. 
nifjing power in the microscopic ai)})anitus used fur 
tlieir mcasui'onicut. A most serious difflculty, moro- 
ovor, is involved in the accuralo determination of ilm 
Bonlo of the picture — that is, of tlio number of seconda 
of arc oorrOBponding to a linear inch upon tlui jiluti', 
Besides this, wo must know the exact Cfrcoinvich linn' 
at which each picture is taken, and it is also oxtmm'l y 
doairablo tlrat the of tlio picture should Im 

accurately determined — tlmt is, tlio north and south, niirt 
and west points of the solar imago on thoflnisliod jdiito. 
There has been a good deal of anxiety lest the imago, 
however accurato and sharp when lirst jiroduced, Hlnnild 
alter in coni*so of tiuic tlirough the contraction of Ihi' 
collodion or gelatine film on tlio glass plate, bia the ex 
porimonts of Butherfurd, Huggins, and PaBclion Hoeiii 
to show tlmt this danger is imaginary. 

The uncertainty of our present knowloclgc of I ho 
sun’s parallax is, however, so small that wo can liopo lo 
improve it only by means of photographs that iiro 
almost absolutoly perfect. Xlnloss the picture is so dis 
tinot and free from distortion tlmt tlio relative jiosiliiiiw 
of Yonus and tlio sun’s center can bo dotorniimid fnnn 
it on tlie foui’diieli disk within of an inch the 
is practically worthless. 

But it is to bo noted that any moro onlargoinont or 
diminution of the cliamotor of sun or jtlanoL will do no 
harm, provided it is alike all around the circumferi'in'o 
of the disk, since tlio moasui'oincnt is not from the edgo 
of Youus to tlio edge of the sun, but between tlmir r/ fi 
tei's. Photographic dotorminations of oontavl, on llio. 
contrary (such as Janssen and some of the English jmr* 
ties atteniptocl by a peculiar and coiiiplicated appariiliiK), 
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are ulIo«ted with all the uncertainties of the old-fash- 
ioned obsorvalioiis of the eye alone, and with others in 
addition; so that, astronomically considered, they are 
entirely worthless, although interesting from a chemical 
and physical point of view. 

In 187'i: two essentially different lines of proceeding 
^ycrc ado])tod in the photographic observations. Tbe 
English and Germans attached a camera to tbe eye- 
end of an ordinary telescope, which was pointed directly 
at tlie sun ; the image formed at the focus of the tele- 
scope was enlarged to the proper size by a combination 
of lenses in the camera ; and a small plate of glass ruled 
with squares was placed at the focus of the telescope 
and photographed with the sun’s imago, furnishing a 
set of refcvonco-lincs, which give the means of detecting 
and allowing for any distortion caused by the enlarging 
loURGS. 

Tlio Americans and Erench, on the other hand, pre- 
ferred to make the picture of full size, without the in- 
tervention of any enlarging lens: as this requires an 
object-glass with a focal length of thirty or forty feet, 
which could not be easily pointed at the sun, a plan 
proposed first by M. laussedat, but also independently 
by our own Professor Winlock, was adopted. The tele- 
scope is placed horizontal, and the rays are reflected into 
the object-glass by a plane mirror suitably mounted. 
The French used mirrors of silvered glass, and took 
lliciv pictures (about two and a half inches in diame- 
ter) by the old daguerreotype process on silvered plates 
of copper, in order to avoid the risk of collodion-con- 
traction, With tho silvered mirror the time of expo- 
sure is so short that no clock-work is required, The 
Americans used unsiherecl mirrors, to obviate any dis- 
torting action of tho sun’s rays upon the form of the 
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mirror. This, of course, made the light fooblor and 
the time of oxpoBuro loiigor, so that a clock-work move- 
ment of tho mirror was needed to koc]) the image from 



changing its pltico on tho pinto during tho exposure, 
which, however, never exceeded half a second. Fig. 
6, taken from tho author’s “General Astronomy” by 
permission of tho publishers, gives an idea of tho ar- 
raugoinent. Tho pier that carries tho plate was in a 
darkened room, into which the rays from tho mirror 
wore admitted by a slidltig shutter. 

In 18T^fc tho American pictures wore taken by tho 
ordinary wot process on glass, and were about four 
inches in dininotor. In .1882 a gelatine emulsion pro- 
cess was used. Jnst in front of tho sonsitivo plate, at a 
distance of about one eighth of an inch, was placed a 
reticle, or a plate of glass ruled in squares, and between 
tills and tliQ collodion-plato hung a fine silver wire sub- 
ponding a plinnb-hob, Thns tho finished negative was 
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marked into squares^ and also boro the image of the 
plumb-line, which indicated ])i*ecisQly the direction of 
the vorticah The Americans also placed the photo- 
graphic tolcBcope exactly in line with a meridian instru- 
ment, and BO detormined, with the extremest precision, 
the direction in which it was pointed. Knowing this, 
and the time at which any picture was taken, it becomes 
possible, with the liolp of the plumb-line image, to de- 
tormiiio precisely the orientation of the picture— an ad 


Fiq, 6. 



vantage possessed by the American pictures alone, and 
making their value nearly twice as great as otherwise it 
would have been. 

Tlio above figure is a representation of one of tbo 
American photographs reduced about one half, l^is 
the image of V onusj wlueh on the actual plate is about 
one seventh of an inch in diameter ; a a' is the image 
of the plumb-line. The center of the reticle is marked 
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by tliG littlo eroes, an<l the word China/’ written on 
the roticle-plate with a clininond — and, of eoiirse, copied 
on the photograph — indicates tluit it is one of the l^eldiig 
piotnres. Its number in the series is given in the right 
hand upper corner. About 90 such pictures were ub- 
tained at Peldng during the transit, and about 850 nl 
all the eight American stations, the work being laueli 
interfered with by unfavorable weather at must of llnmi 
If we add those obtained by the French, (ronnaim, ninl 
English, the total number available reaches nearly 
according to the best estimates, 

After the pictures are made and safely br(mgbl 
home, they have next to bo measured— i. o., the dih 
tanco (and in the American inctnros the direGtion ulsu} 
between the center of Venus and the center of the hiiii 
must bo determined in each picture. This is an ex<amd- 
ingly delicate and tedious operation, rciKlercd more dif 
ftculfc by the fact that the imago of tlio sun is lu^ vtfr 
truly circular, but, oven supposing the instrument to lu^ 
perfect in all its adjustments, is souiowhat distorted by 
the effect of atmospheric refraction; so that the liuio 
position of the sun’s center with reference to the 
of the reticle is determined only by an intricate cahuilii 
tion from moasnremonts made with a microscopic, np- 
paratns on n great number of points suitably (dioscn on 
the eircumfercnco of the imago. The liiial result of tho 
measurement comcfl out something in thisform : Ihikiiig. 
No. 83. Time, 14’* OS’" 20’2* ((Ti'cenwich moan Hum) ; 
Venus north of sun’s center, Y35'82"; oast of cuuUt, 
441*08"; distance from center of Biin, 88Y*Y6". (TIu' 
numbers given are only imaginary.) 

In 1882 less prominence was given to photognijduo 
operations by most of the Government expeditions, Hinn* 
the results of the work in 1874,80 far as then published, 
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wore not vury balislactovy. The American parties, 
liowovov, adhered to the same apparatus and inetliods as 
in IS7‘1-, except that tiie collodion process was replaced 
hy lui onudsion. Nearly i,50() photograplis were ob- 
tained. From the whole B,y.slein of American photo- 
graphs Professor Newcomb deduces a solar parallax of 
A; b’OKP. The measures of alone give 

hut those of poHition-aiKjloa 8'873" ill 18H 

uud in 188^^, 

The disnonliiiuiOH ImUvccn the resnltn from different 
plates, made within a few inimites of each other, show 
that thorn is soniethint^ wrong with the mothoch The 
moat pvoliahki tixplanation is perhaps to he found in the 
distortions suffered hy tlm ])hino mirror of tlic apparatus 
niulor changes of position and temperature, 

hh’oni the S)ii French dagnorreotyjiea of a paral- 
lax of 8'80^' d: was (leduc?ed by Obrccht. 

Tlio Kjiglish phoiogniphs of 'J87i proved of little 
valuo. They were measured by two different persons, 
and from the measurements of one (Mr, Burton) a par- 
allax of 8*^25''' was deduced, while from those of the 
(jthor (Oaptain Tupman) the result was 8*08''. One of 
the i>rincipal dillicuUies evidently lay in the uncertainty 
of tho wMilo-valuo, wliicdi was only deduced from the di- 
aniotorH of the sun and jdanet. 

On (he whole, it may ho talccn as certain that^here- 
aflor transits of Venus will not ho convsidered of such 
HUi)romo importance as in the past. Other less costly 
operations will give hotter results for the solar parallax. 

Tlio methods numbered dr, 5, and (1, on page 16, 
are UHually classed together as (jravitaUonal^^^ since 
they depend on calculations which are founded on the 
law of gravitation, One of tho best of them is based 
upon tho careful observation of the motions of the 
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moon. Tim firtit hikspiciun us to tlm oorreolnoRa of ilir^ 
then rcceivmd distaimo of the flun was raised in 185*1 l>y 
lltinseuV aimouncGincnfc tliat the inooids l)aralla(^tin in- 
equality led to a snmllor vnhio tlian that dod need frotn 
the transit of Venus — a eonelusion corroboratcal hy 
Leverricr four years later, from the so-called lunar 
equation of the siui^s motion. It seems at first 
strange, but it is true, as Laplace long since pointed out, 
that the akillful astroiiuincr, by merely watching llui 
movonioiita of onr satellite, and without leaving Ids ob^ 
sei'vatory, can obtain the sohitiou of probluiUB wliiidi, 
attacked by other mebbuds, recpiire tedious and oxihui- 
sive exiiocUtions to mnoto corners of the earth. Our 
scope and object do not rctjiiire us to enter into del nil 
respecting this lunar inothod of lindiug the sun's imnil- 
lax; it must snfflee to say that the disturbing action of 
the sim makes the interval from now moon to tlie lirnt' 
q^narter about eiglit minutes longer than that from ibo 
quarter to full ; mid this dirterence depends upon ilu* 
ratio letioeG)i the dumHev of the ovhlt and lUv 

dutance of the in euch a numner that, if the in- 
equality is accurately observed, the ratio can be cub' 
cnlatcd, Sinco we know tlie disiance of the moon, thiM 
will give that of the flun, The results obtained in tliin 
waj", according to the most recent investigations, ap 
pear to fix ibo solar parallax hotwocn 8*7(1?" and 
Nowcomb assigns 8’794" as the weiglited moan. 

But tho method by which ultimately we slmll oblaiii 
the most acenrato dotoriniiiatiou of tho dimensions r^f 
our systotn is that proposed hy Loverrier, depending 
upon tho secular porturbatioua produced hy llio earlli 
upon her neighboring planets; especially in causing tin* 
motions of their nodes and perihelia. These iimtioim 
are very slow, but coniUiuom j and heueo, as lime goon 
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on, they Avill beeome known with cvcr-increusinfy aecu- 
racy. If they were hioioii loith dbsohde preoinion^ they 
would enable to eompule^ vnth ahsolmie preehion 
aUo^ the ratio between the masses of the sim mid earthy 
and from this ratio we can calculate * the distance of 
the sun by either of two or three diilercnt methods. 

As niatterB stand at present, the majority of astrono** 
mors would probably considor that these secular pertiir- 
bations aro not yet known with an exactness sufficient 
to render this method superior to the others that have 
been named — perhaps as yet not even their rival Lo- 
verrior, on the other hand, himself put such confidence 
in it that he declined to sanction or co-operate in the 
operations for observing the recent transit of Venus, 
considering all labor and expense in that direction as 
merely so much waste. 

Kut, hoAvover the case may be now, there is no 
question that as time goes on, and our knowledge of 
the planetary motions becomes more minutely precise, 
this method will become continually and cumulatively 
move exact, until finally, and not many centuries licncc, 
it will suj'iorsodo all the others that have been described, 


* Ono molhod of proceeding Ib ns followH : Lot M bo tho inoBS of the 
Bun and onrlh iniitcd, and m ibat of tho earth and moon ; lot R bo the 
diatnuco of llio mn from tho earth, and rtliat of tho inoonj finally, lot 
T bo Iho iiiunbor of daya in a aidcreal yoar, and i llic numbor in a bUIo- 
roal month. Tlicn, by oloinontary afitronomy— 
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M'honco R3 r’ 


or, in wordB, 6t(ho of th sun^a (Usfanre cquak ihc cube of the nmtes 
(lhta7lcc^ mnUipHcd hj the nquarc of (he of sUkmd months in a 

yca}\ and bi/ tho ratio helwoen tho umses of (ho swh and earth. It is to bo 
noted, howovor, that T and I aro tho periods die earth and moon, ab 
they would bo if wliolly undisturbed in their inollonfl, and lioiico difl'or 
slightly from tho per lode actually observed — tho dUVcroncofl aro email, 
but Bomowhnt troubloeoino to calculate with proolBlon, 

4 



Tlio parallax of tho aim determined by Leverrior in 
this method, in 1872, name out 8‘8G", 

ProfoBSor Newcomb, aa the result of his recent ox-* 
liaustivG vcsearcheB upon tlio subject, gels 8*759^' ± 
O’OiO^ 

The last of the methods meiitioiiod in the syuopsia 
given on pages 15 and LG is iutorcating as an oxainplo of 
the manner in which the acionces arc mutually connected 
and dependent* Before the oxporiinonts of Pizean in 
1840, and of Foucault a few years later, our knowledge 
of the velocity of light depended on our knowIedgcMjf 
the dimonBioim of the earth’s orbit. It had boon found 
by astronoinicarobBorvations upon tlio eclipses of Jupi- 
ter’s satcllituB that light occupied a little move than six- 
teen minntoB in crossing the orbit of the earth, or about 
eight minutes in coming from the sun; and houcc, 
supposing tlio Bvm’B distance to ho 05, GOO, 000 nnlos, uh 
waalong believed, the velocity of light must bo alH)Ut 
192,000 miloB per second. Thus optics was indclited to 
astronomy for this fundaiuontal element. Put when 
Foucault in 1802 announced that, according to his nn- 
quoBtionably accurato exporimentB, the vehudty of light 
could not bo much more than 18G,000 miles per second, 
tlio obligation was returned, and the Buspicious ns to 
the rocoivod value of the Rim’a parallax, which bad boon 
raised by tlio lunar resoarehos of ITanson and Leverrior, 
were changed into certainty. 

The most accurate deter minaiions of the velocity of 
light have been made in this country by hriclmlsoii and 
Newcomb, botvveon 1879 and 1888, ami give us the ro- 
suit 180,827 miles, with a probable error not exceeding 
twenty miles. 

From thm wo can derive the distance of tho fum di- 
rectly by merely multiplying it by the comUmt of the 
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GQXidtioii of which is siinply the number of seconds 
required by light to travel from the sun to the earth. 
This “constant’’ is determined by observation upon the 
eclipses of Jupiter’s satellites, and is almost certainly 
very near JOl) seconds, though still doubtful by a fj'ac^ 
tion of a second. This would give 92,077,000 miles for 
the sun’s distance, corresponding to a parallax of about 
8'7i)^^ During the lust twelve or fifteen years continu- 
ous series of observations have been in progress by now 
])liot()nietric methods both at Cambridge (U. S.) and 
Paris, and when their result is ])ubliahed wo shall un- 
doubtedly have a much more accurate value of the light- 
equation, 

Tlio velocity of light may bo utilized in another way 
to solve the problom, by combining it with the so-called 
“ constant of aherration.^'^ This “ aberration constant” 
is deduced from observations upon the fixed stars, and 
almost certainly lies somewhere between 20'4&'' and 
20‘r)5", corresponding to parallaxes of 8*81" and 8’77'^ 
Its determination, howevoj*, is somewhat embarrassed by 
the newly discovered “ variation of latitude,” and it is 
expected that new determinations, in which this varia- 
tion is duly oUtninatcd or taken into account, will give 
a much more accurate value of the aberration. 

Tho onjly difllculty with these two methods lies in 
the tliGorotical question whether wc can safely assume 
that in in ter planetary space the velocity of light is 
i<leutical with that dotormined by experiments made at 
tho surface of the cjirth, oven after all known con'cctions 
for the density of tho air, etc., have been applied. 

Admitting it, there can hardly be a doul)t that this 
steal mct/iodi^ as it is often called, outranks all 
others for tlio present as a means of determining the 
distance of tho snn; and tho reader’s attention is called 



86 


THK SUN. 


to the fact that it gives directly the dutmiGe of the mi\y 
and the only indirectly. It docs not doi)oiul 

at all upon oar measures of the dimensions or gravita- 
tional attraction of the earth. 

Collecting all the evidence at present attainable, it 
would Bcem that the solar parallax can not diHer iinudi 
from 8 ‘80^, though it may be as much as 0*01" greater or 
smaller ; this would correspond, as has already been said, 
to a distance of 92,892,000 miles, with a probable error 
of about one eighth of one per cent., or 120,000 inilen.* 

But, though the distance can easily be stated in ilg- 
nros, it is not possible to give any real idea of a Hpm'O 
80 enormous; it is quite beyond our power of coiKUs])* 
tion. If one wore to try to walk such a distance, sup- 
posing that he could walk i miloa an hour, and keej) it 
up for 10 hours every day, it would take 68^ years to 

* Tlio oscillations of sclontiftc opinion as to tho value of this conaUuL 

bavQ boon very ourions. Early in tlio century Laplace, In the Mficimbniu 
Ofileatoy adopted the value 8*81" given by tho first discussion of tho tmii- 
sUa ofVotiusin l'?6l-'*69 ; but other nstronoinora, Bclambve, for insluuco, 
proposed a smaller value. Bucko, as Ims boon said before, made a lunv 
and thorough disoussloii of these transits in 1822-^24, and deduced the 
value 8*58", which held tho ground for nearly forty years, About 18fii» 
the rcBCfirohcfl of IlfliiBCii, Leverrior, and Stono wore llioughl to liiivi* 
oatnbllshed a value cxcoccllng S'fiO", and tho liritlsh Nautical Abnajuio 
used S'Cfi" until tho Ibbuo for 1882, In 1887 Nowcomb published ii onre- 
ful InvcsilgftUon, based upon all tho data then known, and dcduccil ihu 
value 8■a48^ Levorrier, in 1872, found S’SO" from tiio planetary per- 
tnrbatlona, Tho Aincriean Bpheinorls/^ ** British Nautical Aiinaimo ” 
and Uio Cerlln '♦ Jabrbuch” uso Newcomb’s value, and tho French (hui- 
nalsBanco do Temps” employs bovorrior’s. It appears, however, per- 
fectly certain, from the work of llic last few years, that tho figures (H'HO*) 
given hi tho text aro much nearer to tho truth, Nowcomb, In his ” A stru 
nomlcal Constants” (January, 1895) gives, ns iho final value based npnu 
all available data, db O'OO-l. IlarkncBS, in his Solar I’arnllax ami 
Its rolntod Ooimlants ” dciluoes as the result of a most oxhaustivc dirt- 
OUSfllon S'SDfl* db O'OOO, ' 
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malco a singlo million of miles, and more than 6,300 
years to traverse the whole. 

If some celestial railway could bo imagined, the 
journey to the sun, oven if our trains ran 60 miles an 
hour, day and night and Avitliout a stop, would recpiire 
over 175 years. Bensation, oven, would not travel so 
far in a human lifetime. To borrow the curious illus- 
tration of ProfoBBur Mendenhall, if wo could imagine 
an infant wiili an arin long enough to enable him to 
touch the snn and burn himself, ho would die of old 
age before tlie pain could reach him, since, according 
to the experiments of Ilclinholtz and others, a nervous 
shock is communicated only at the rate of about 100 
feet per second, or 1,037 miles a day, and would need 
more than 150 years to make tlio journey. Sound 
would do it in about 11 years if it could bo transmitted 
through celestial space, and a cannon-ball in about 9, if 
it were to move uniformly with the same speed as when 
it left the mw/z/Aa of the gun. If the earth could be 
suddenly stopped in her orbit, and allowed to fall unob- 
structed toward the sun under the accelerating inlluonco 
of his attraction, she would reach Iho center in about 
two months, I have said if she could bo stopped, but 
such is the compass of her orbit that, to make its circuit 
in a year, she has to move nearly 19 miles a second, or 
more tluin fifty times faster than the swifiesl rifle-ball ; 
and in moving 20 miles lior path deviates from perfect 
straightnesB by loss than one eighth of an inch, And 
yet, over all the circumference of this tremondons orbit, 
tbo sun cxorcisefl bis dominion, and every pulsation of 
bis surface rcecivos its response from the subject earth, 
lly observing the slight changes in the sun^s ap- 
parent diameter, wo find that its distance vanes some- 
what at diftoront times of the year, about 3,000,000 
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miles ill all; and minuto investigation sliows that tliu 
earth’s orbit is almost an exact ellipse, whoso neiiruHi 
point to the sun, or perihelion, is passed b;y the eartli 
about tho Jstoi' Jannary, atwliich tiinoshe is'J l,88r),0(ii> 
miles distant. 

The distance of tho sun being once hnown, its di- 
monsions are easily aseortaiued — at least, within cortiiin 
narrow limits of accuracy. Tho angular somi-diainotrr 
of tho sun when at tho nioan distaneo is almost exactly 
902", the uncertainty not oxceotling of tho whole, 
Tho I'csidt of twelve years’ observations at Gi'oonwicli 
(1836 to 1.817) gives 9f>l‘82", and other dotorminatioiiH 
oscillate around tho value (imt mentioned, which is ihul 
adopted in tho “ American hfantical Alnmnao.” Taking 
the distance as 92,885,000 miles,' this malccs the suiiV 
diameter 860,'.l:f)0 ; and the probable error of this (pmn- 
tity, depontUng as it does hotJo on tho error of tho incus 
urod diameter and of tho distance, is some I-, 0(1(1 or 
6,000 miles ; in other words, tlio ehan(‘.os are strong l;ha( 
tho actual diameter is between 800,000 and 870,001) 
miles, 

Mcaanromonts made by the same person, however, 
and witli tho same instrument, hnt at dilToront linuM. 
sometimes differ onoiigh to raise a 8nH]>icion that the 
diameter is slightly variable, which wonld ho nothing 
surprising considoring tho nature of the solar sur- 
face. 

There is no scnsihlo clirtoronoo between tho otjnu- 
torial and polar cliamotovs, the rotation of tho sun on its 
axis not being sullicicnlly rapid to iniiko tho polar ciom> 
pression (which must, of course, necessarily rosnll; from 
the rotation) marlcod enough to ho perooivod hy o«r 
present moans of observation. 

It is not easy to obtiiiu any real conception of lh« 
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vastness of this enormous sphere. Its diainetor is 109*5 
times that of the earth, and its eircuinforeiieo jiropor- 
tiojial ; so that tlie travehu’ who (iuuld lutike the circuit 
of the world in 80 ihiys would need nearly years 
for his journey around the sum Since the surfaces of 
siiheres vary as tlio s(juares, and hulks as the cubes, of 
their diainetors, it follows that the sun’s surface ia near- 
ly 12,000 times, and its volume, or bulk, more than 
1,300,000 limes, greater than lliat of the earth. If the 
earth be reprosenlod by one of tlio little three-inch 
globes common in school apparatus, llie sun on tlio same 
scale will ho more than 27 ft^ei in diameter, and its dis- 
tance nearly 3,000 feet. Imagine the huu to l)o hol- 
lowed out and tlio earth placed in the center of the 
shell thus foiancd, it would bo like a sky to us, and the 
moon would have scaipe for all lier motions far within 
the iuelosiug surfm*e ; indeed, since she is only 2^10,000 
miles away, wlule the buii’k radius is more than 430,000, 
there would ho room for a second saiellile 100,000 miles 
beyond lier. 

The imfifi of the sun, or cpiantity of matter eon- 
taiiual in it, can also 1)0 computed when wo know its 
distance, and comes out uenrly 330,000 times as great 
as the earth. Tlie calculation may ho made cither by 
means of idm projicrtirm given in the note to page 33, or 
by cnmpiiring the attracting force of ilio sun upon the 
earth, as indicab', d by the curvature of her orbit (about 
0*1 10 iiuih per second), with the distance a body at the 
surface of the earth falls in the same time under the 
action of gravity, a quantity which has boon cloterminod 
with groat accuracy hy experiments with the poudulum. 
Of course, the fact that the sun producos its clTcctupon 
tlio earth at a cliatanco of 93,000,000 miles, while a fall- 
ing body at the level of the aoa is only about 4,000 
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miles fi'om the center of the attraction which prodtn^cH 
its motion, xnnst also eiitoi* into the rockoning.’’- 

This mass, if wo express it in pounds or Ioiib, is too 
enormous to bo conceived: it is ^clilllo ns of ions--’ 
that isj it isTneariy 750 

times as great m the combined nmsscB of all the plaiudn 
and satellites of the solar system — and Jnpltor aloni^ in 
more than 300 times as massive UvS the earth. TIio huh'h 
attractive power is such that it dominates all surron tid- 
ing space, even to the lixed stars, bo that a body at Itio 
distance of our nearest stellar neighbor, a Oeniiinri, 
winch is more than 200,000 times remoter tlian tlio Hini, 
could free itself from the solar attraction only by darl-- 
ing away with a velocity of more than 300 feel per 
ond, or over 200 miles an liour; unless animated liy a 
greater velocity than this, it would movo aroniul 
sun in a closed orbit — an ellipse of some shape, or a 
circle — witli a period of revolution which, in the snmlUjHfc 
possible orbit, would be about 31,000,000 years, and if 
the orbit were circular, would be ncaidy i)0, 000, 01)0. 
Wc say it would revolve tluis— that is, of course, ullh^Hrt 


^ Tho cnicnkllon of Uio Runk iiiftflB, fi’om tho data given, pi'occtMls nm 
folio wa ! Let K ^ llio sun’s innaB, and vt that of tho earth \ U =s; tin* <11^ 
tnneo from tho earth to tho sun, and r tho mean radiuR of tlm oarlh \ *l\ 
the length of the sldorcal year, reduced to flcconds ; and i g tho (listnkMta 
a body falls hi a second at the oarlh*(!: Rurfaco. Now, tho dlatancu I hit 
earth falls toward tho sun In a sccoml, or tho ourvatuvo of her orbit iu it 

Bccondj is cciual to (about OUll) inch). Honco, by tho kw of griivltn- 


, ^ 2irm m M , 

don, i ’ rT 



In this formula make ir S’UlfiO ; U, 02,000,000 iiitlcft; T ==3 
668,140*3 fiocoiukt rr::8,068'2 mllca; and 0*0001036 mile 
foot), and wc shall got the result given In the text, viz., 330,000 m 
(nearly). 
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intercepted or diverted from its eonrse by the influence of 
some other sun, as it probably would bo. And we may 
notice hero that in many cases certainly, and in most 
cases probably, the stars are flying througli space at a far 
swifter rate, with velocities of many miles per second. 

As for the attraction between the snn and earth, it 
amounts to thirty-six Imndred quadrillions _o f tons : in 
ligurcs, t\G fol lowed_by_^pye nteen ciphers. On this 
point we borrow an impressive illustration from a care- 
ful calculation by Mr. 0. B. Warring, We may imagine 
gravitation to cease, and to bo replaced by a material 
bond of some sort, holding the earth to the sun and 
keeping her in her orbit. IE now wo suppose this con- 
nection to consist of a web of steel wires, each as largo 
as the heaviest telegraph-wires used (No. 4), then to 
replace the sun’s attraction these wires would have to 
cover tho whole sunward hemisphere of our globe about 
as thickly as blaclos ot grass upon a lawn. It would re- 
quire nme to each square inch. Putting it a little dif- 
ferently, tho attraction between the snn and earth is I 
equal to tho breaking strain of a steel rod about 3,000 1 
miles in diameter. 

If wo caleulato the force of gravity at the sun’s sur- 
faeo, which is easily done by dividing its mass; 330,000, 
by tho square of 109^ (the number of times the sun’s 
diameter oxcceds tho earth’s), wo find it to be 27i times 
as great as on tho eartli ; a man who on the earth would 
weigh 160 pounds, would there weigh nearly two tons ; 
and, oven if the footing were good, would be unable to 
stir. A body which at the earth falls a little more than 
16 foot in a second would there fall 443. A pendulum 
which hero swings once a second would there oscillate 
more than (Ivo times as rapidly, like the balance-wheel 
of a watch — quivering rather than swinging. 
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Since the aim’s volume is 1,1100,000 times that of the 
earth, its mass is only 330,000 times as o;rcat, it 

follows at oiico that the buii’s a'oerage demity (found by 
dividing tlie mass hy the volmuo) is only about one 
quarter that of the earth. This is a hwi oC the utmost 
importance in its bearing upon the cjoastitutiou of this 
body, As we shall see hereafter, wo know that certain 
heavy metals, with which wo arc familiar on the oar ill, 
enter largely into the composition of the sun, so that, 
if the principal portion of tlio solar mass were either 
^Bolul or licpiicl, its mean density ought to be at least as 
groat as the earth’s j especially since the ciioriuous force 
of solar gravity would tend most powerfully t(#(',omprcS8 
the inatorials* (The low density cun only be accounted 
for on the Bupposition, which scorns fairly to {U 5 cord 
also with all other fiuits, tluit the suii is mainly a bull of 
/ gas, or vapor, powerfully coiKloiised, of course, in the 
/ central portion by tlio suporinenmbaut weight, hut pre- 
vented from lif^ucfaction by an exceedingly lugU toin- 
poraturo.) And, on the other hand, it could bo Rufoly 
predicted on pliysical priueiplcs that so huge a hall of 
fiery vapor, exposed to the cold of space, would present 
precisely such iihenomona as wo find by ohaervatiou of 
the solar surface and surroundings. 
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OTIArTFB 11. 

MJCmOD,^ ANJ> APPAIiA'im FO/i iS’VTOlY.Vr/ 7WC .WRFAOIS OF 
TJIF .vt/.v; 

Projection of Holar Image upon a Hereon. —CiuThigtnn’H Metiiod of tle- 
tormliiing tho PoHitlon of Objeetfi on the Hnn^fl Buvfaco, — Holnr Pho- 
togmpliy. — PhotohoUogmphs, — JaiiHHeu’a PlioiogmpliH. — ^'rolcFcopo 
witli Silvered Objoct-Glaes. — IIcraohcrH Solar Kyepieeo. — ^Thc Polar- 
iyjiig Eyepiece. 

Tiik heal and light ol: tho sun arc so intonso Hint 
pcculiiiv instranicnts inid inothods firo nccossavy for tho 
ohsevvalion of his surface. Tho appliances used in tlio 
study of tho moon, planets, and stars will not answer 
at all for solar work. 

A very oxctollont method of proceeding where tho 
ohjoct is to Hoenro a general view of the sun, without 
regard to delicate deluil, and to (lelormino easily and 
rapidly tho positions of spots and other objects on tho 
sun’s disk, is to project his imago upon a shoot of card- 
board by means of a tehiscojio. 

Vor this purpose things aro arranged as indicated in 
tho figure. Tho sheet of paiior upon wliieh tho imago 
is to ho thrown is supported in front of the eyepiece by 
a light framework attached to tho toloHeopo, Tho dis- 
tance of tho screen from tho oyopioee doponds upon tho 
sixo of imago desired and tho power of tho eyepiece ; a 
diameter of from six inehos to a foot being generally 
most convoniont. Another scrooii is usually fitted on 
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the object-glass end of the telescope to balance the ilmt, 
and shade it from all light except that which has pnsseil 
through the instrument. If the apparatus is to bo iiscil 
to determine the position of spots on the sim, the mir- 
face wliieli receives the image must be carefully ml- 
juBted so as to bo perpendicular to the optical axis of 
tlie telescope. 

i’lo. 7. 



j To dotoTmine tlie position o£ objects on tbo suu'ft 
1 disk, Carrington used two lines, ruled at right angloa lo 
each other upon the screen, and set at an angle of nbonl 
46“ witli the north and south lino or hour-circlo. 'I'lm 
observations needed to determine the place of a spnl 
on tile sun’s disk then consist merely in noting with n 
watch as accurately as possible the four momonls nl 
which the edge of the sun’s imago crosses the two liiicn 
(the telescope being, of course, firmly fixed during IIhj 
whole tune), and the two moments whon the spot piifHKwi 
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tliotn. From thceo six observations, witli the help of 
the data given in the almanac, the distance and direc- 
tion of tlio spot from the snn’s center may readily bo 
ealcnlatcd by forinnlco which wonld hardly bo suited to 
those ])agc8, but which may bo found in the monthly 
notices of the Iloyal Astronomical Society, vol. xiv, 
page 153. Fig. 8 illustrates this arrangement. 


FiO. 8. 



Another method, more convenient as involving no 
calculation, but loss accurate, is to use Mr. A. Thom- 
son’s “ Charts for Sun-spot Observations,” which are 
given in Sir Robert .Ball’s “Atlas of Astronomy” 
(Applotons, Now York). Both these methods require, 
however, the use of a telescope cquatorially mounted. 
"With an instrument not so mounted,, fairly good results 
may bo obtained by drawing upon the screen a circle 
with a diameter about half that of the field of view, and 
noting the instants when the edge of the sun becomes 
tangent to the circle, and when the spot crosses it. 

With a small telescope thus fitted up, one is in a 
position to make observations of real value ns to the 
number, position, and motions of the solar spots. Oc- 
casionally, also, when the air happens to bo in good con- 
dition, a considerable amount of detail can bo made out 
by this method in the spots and upon the solar surface 
generally. The darkening of the edge of the sun, 



cftufiecl by the absorption of the solar atiuospliero^ in 
very noticeable, niid tlio faciilos arc eonspicuons, Ou{\ 
great advantage of the metliod is, of course, that soveriil 
persons can thus obscryc together. A teacher, for in- 
stance, can iii tins way oxliibit \o a class of a dozen all 
the principal features of the sim’s siirfaco, and bo siiro 
that they all see the things ho desires them to notice. 

Should any amateur happen to tiiul ui^on the sniiV 
disk a small, round spot, which he lias reason to think 
is an mtra-Morciirial planet, a few obsoi^vations of tlin 
sort indicated above, repeated at intervals of Bonio min- 
utes, would settle the (luostion immediately, and give a 
reasonably accurate dotcrinination of tbo rate and direct 
tion of movement 

If the inatriimcnt lias an equatorial mounting and 
elockwoik, so that the image remains apparently «tu- 
tiouary upon the screen, a very satisfactory tracing cuu 
bo made upon paper ruled in squares, showing pretty 
accurately tbo position and inngnituclo of all visihlo 
spots, in a form suitable to file away for reference. Tlie 
obscrvationB of Carringtoids great work upon tlio*B<dur 
spots were foi* the most jiart nmdo in this m aim or, 

Of late years pliotograpby has been extensively ulil- 
ized for observations of this sort. Tlio apparatus con- 
sists of a toloscopc fitted with a camera-box in place of 
an eyepiece, and with an arrangcineul for producing an 
instantaneous exposuro of tho soiisitivc plate to tlio 
solar rays. 

Bineo, in tho ordinary achromatic telescope, tho raya 
whicli are most cffcclivo in photographic action do not 
coino to a focus at tho same point as those which inoBt 
strongly affect tbo eye, siicli an instrument, however 
perfect visually, will not give sharp pbotograiibic im- 
pressions. It IS noeossary, for tho best photograph lo 
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reaiilts, to uko objiic.t-glasfios wlioso correct! odb arc cal- 
culated expressly for the purpose, Mr. Jiutlicrfurd, of 
Wow Yorlcj fioeins to have l)oeu the first to appreciate 
tliis^ and to constmet an instruinent specially designed 
for aHtronoinical photography. To this end, disdaining 
all coin])rouuBc, ho did not liosilato to sacrifice dclil)- 
crately tlu', visual oxcelleuco of an ex(iuisito object-glass 
ot thirteen inches diameter, by altering its curves so as 
to produce the most ])orfect actinic correction ; and he 
was rewarded by a suecess until recently imcfjnaled as 
regards the perfection of tlio ]nctiireH obtained. Boino 
of Ins photographs of the sun and moon, obtained about 
;18(1(), rival in sharpness and detail the drawings of ac- 
comidished observers. 

Another and simpler iiictliod of obtaining the de- 
sired corro(dions, originally tried by Mr. Tlutlierfurcl 
and rejected m not absolutely llie host possible, has 
been revived and used by Oonm, of Ihirls. It consists, 
not in vegrinding the two lenses which compose the 
ohjo(d;-glasH, but merely in separating them slightly — 
half an inch or bo for an insirument of ton-feet focus. 
O'he npjiroximato (5ovreefcion, thus produced, gives excel- 
lent results, and the instrument is not spoiled Cor othoi 
work, sini'n it requires only a few miuutoB to restore 
the glasses to their visual adjustment. 

In a redeciling telesc-ope there is, of course, no cUfH- 
culiy of this sort, since rays of diflerent wave-length and 
cohir are not dispersiMl by rcthic.tion as liy refraction. 
Otlior and still more serious difliculties, liowovor, exist, 
depending u[)ou the extreme simsitiveness of the rcdcc- 
tor to the distorting influuiKie ot variations of tempera- 
ture; so that, hitliorto, redo(itors have not equaled ro- 
fra<itors in tlie ox(‘olleu(ui of their photographic work, 
They have been omjiluyod wltli very good success, how- 
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evoTj on SGVoral occasions for the photography of solai 
eclipses, 

\Vith. telescopes of considerable size tlie picture is 
generally formed directly at the focus of the object- 
glass without further enlargement. This is the cuko 
with the pictures made by Mr, Rutherfuvd, in wliicli 
the diameter of the sun^s image is about If inch. 



KliW PllOTOUBl.tOOlUl’lI, 


Oopies of tlie nogatlvoe arc ivftorwavd mado if dcBirotl 
on a larger Bcale. In amallor instniinonts, such as t,luj 
woll-lciiown pliotolioliogmpli of tho Kew Obaovvatory, 
an enlarging eyepiece is used, so constructed as to (lirt< 
tort as littlo aa possible the image formed by tho objeet' 
glass while magnifying it to a diameter of three or four 
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inclies. In this instrument, of which we give a figure, 
the diameter of the object-glass is only inches, and 
its focal length 50 inches; the tube, instead of being 
conical us uauul and larger at the object-end, is made 
pyramidal and larger at the bottom, in order to ac- 
commodate the plate-holder more conveniently. The 
whole is mounted equatorially, and driven by clockwork. 

It was constructed in 185Y, under the directions and 
after the designs of Mr. Do La Hue, and proved itself a 
most ofilcient and oxcellcnt instrument. A number of 
other very similar instruments have since been made 
with slight improvements. Those employed by the 
Euglisli and Russian parties in their idiotographie opera- 
tions at the transit of Yonus in 1874 were of this type. 
So also wore those of the Gorman parties, excej^t that 
they had considerably larger telescopes, with apertures 
of from six to eight inches. The photolieliograph now 
used at Grconwicli in maintaining the daily record of 
tho sun^s surface is one of the Transit of Yenus instru- 
ments, liaving a four-inch object-glass, and giving a solar 
imago four inches in diameter. It is mounted equato- 
rially with clockwork. Tho instruments at Mauritius 
and Dohra DAn are similar. More recently Greenwich 
has come into possession of a nine-inch photolieliograph, 
which is used in connection with the other to obtain 
pictures on a larger scale. 

Tho sunlight is so powerful that tho exposure of 
tho plate luis to ])0 made practically instantaneous.^ The 
apparatus by which this is effected varies greatly in de- 
tail in instrumouts of different typos, hut in all cases 
consists ossontially of a slide, carrying in it a slit of 
adjustable width and capable of being shot across in 
front of tho sensitive plate by a strong spring. At the 
moment of exposure a trigger or telegraphic key is 
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toviclicd by the operator, and the elide, pi’Cviouely drawn 
back and locked by Biiitablo incelumiBin, is released, and 
in its flight allows the rays to gleam through the ap(U‘- 
turc for a time, which in difterent instruments varies 
from to of a second, according to the size t)f 
the instrumont, the sonBitiveness of the collodion, and 
tlio clearness of tlic atmosphere, 

Wo give a figure of VogePs exposurC'-slido, which in 
perhaps as good as any. M is an electro-magnet, wliich^ 


Fia. 10. 



on tlio touch of a telegraph-key in the obsorver^s 1mm! » 
attracts the armature B, thus releasing the catch 0, ami 
allowing the spring S, by the intervontiou of the coni 
and pulley, to draw the slide containing the slit A swi 
ly across the orifleo through which the rays enter Uu:» 
camera. 

The character of the picture produced doponds, vnry 
greatly upon the xiroper timing of tho exposure, t f 
the intention bo to scciiro an image of the sun willi 
hard, Arm edges from which meaBuremonts can be nnvtWi!! 
to determine tho XJOsition of objects on tho solar 
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as was the case at the transit of Venus — then a relatively 
long exposure is needed ; but it is to be remembered \ 
tbat^tlio diameter of the sun’s image increases very per- j 
coptibly with lengthening exposure, so that this diam- / 
otor can never be safely used to furnish the scale of / 
nieasuremout^ If, on the other hand, what is desired 
is a picture lull of detail, showing the faculse and the 
strueturo of the spots, the exposure must be greatly 
shortened by narrowing the slit or giving the slide a 
greater velocity ; and it must bo added, unfortunately, 
that the oxpo.suro which brings out perfectly the cen- 
tral portions of the disk is altogether too short for the 
portions near the limb, where tlie actinic power is very 
greatly diininislicd. 

This circumstance detracts considerably from the 
value of the photogi’apbic method. The skillful 
draughtsman can show in the same picture details dif- 
fering to any extent in iirtcnsity, while the photograph 
is, HO to Riieak, limited to tho reproduction of only one 
certain class of details at a time. Still wo can always 
be sure that, whatever a jihotograph does show, is an 
autographic roprosontation of fact, and not a figment of 
tho imagination. This is not tho ease Avith drawings ; for 
it is romarkablo Iioav Avidoly two conscientious artists 
willdillor in their ropresontations of, the same object, 
soon by both Avith tlio same telescope, and under the 
same circumstances. As an aecnvate record of the num- 
bor, position, and magnitndo of tbo solar spots at any 
given time, the pbotograj)h is, of course, unexception- 
able. 

Such a record was maintained by the Koav plioto- 
holiograph for fourteen years— from 1868 to 18V2— 
wlioii tbo Avork was discontinued. An almost equally 
important series of photographs Avas kept up for many 
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years at in Russia, until tlio burning of ibc ob- 

servatoi'y in 1877. Since 1878 the Kow ecrics lias l) 0 (ni 
continued at Greomvich, at least two ]>ictnrcs being 
taken every day when the wcafclier will ])ern) it, and 
more than two if' anything of special interest denuiiHls 
it. Tins Oveenwieli record is supploincntcd by the n(»g- 
atives taken at Dehra iJiin; in India, and at ManritiuH. 
Tftlcon togothci' with the CTreenwieli plates, they fiiriuKh 
a pvactically contitiiiows record of the condition of tliii 
solar surface; At the samo time tUoro arc oceasioiml 
breaks, wliicli’ might ho romediod if we had one or two 
jlhotoheliogvaphs on the American side of the AUanlie. 

Of late, Jaiissen, tit the new Fnmeli physiciil (tb- 
sorvatory at Mendon, has cafriud solnr i)hot(>gni|)hy Iti 
a'point' fiir beyond any previous attainment. IIo Inm 
accomplished it mainly hy utilizing the fact that thovo 
oxisfs in tho' spectrum, near the Frauuliofcr line (4, a 
noi'i'ow baud of rays which jiossess a photogi’ii])hici uc- 
tivity upon the saUs of silver much more intonso thim 
that of any other portion of the spectrum. It in Ht> 
intense, indeed, ’that if the exposure ho very short ami 
properly regulated, the effect is practically tho simio im 
if tho sunlight were inonoehroinallc, consisting of thosii 
ra 3 "S alono; any defect in Iho color-coiToction of tli<? 
object-glass is rondcrccl almost harmless. This inakoH 
it possible to UBO an ordinary achromatic objout-glusa, 
roughly' corrected for photographic work by niorcly 
separating tho lenses a trillo, according' to Cornu’s pluu, 

‘ With a five-inch telescope and a Builahlc eulurgin^ 
lens, Janssen produces pictures even half a metro lit 
diameter, and of oxtreme perfection in their (lulimnv- 
tion of tho details of tho solar suvfaeo. 'riio ox]iosm*i‘, 
ranging from to -f-jW of *>- bcooiuI, neeortlhig to iho 
elearno.S8 of the air and tlic alUtudo of tho sun, is oITuctwl 
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l)y a Blido clofloly roBtnnlding Vogel’s. The impression 
ol)tained is very feeble, and requires prolonged and 
earefiil dovelopincnt ; bnb when at last fairly brought 
out, is every way admirable. Some very interesting 
roflidlB, whieli wo sliall deal with later, have already 
boon deduced from liis plates. f 

riiotograpliy, liowover, is not adequate as yet to the 
Btudy of the most delicato details of the ’ solar surface. 
'For this purjioso nothing can talcO' the place of ocular 
o()sorvation by experienced and sldllfui observers,' armed 
with ])()werful telescopes and suitable appliances,- and 
on the watidi for the few favorable moments' when the 
atmospheih? condilionB will iierinit successful work, 

Tlio instrument must bo provided with some form 
of solar eyepiece expressly adapted to the purpose. 
'Phe old-fashioned Way was to use an ordinary eyepiece, 
lilted witli a dark glass next the eye. If the whole 
aperture of a telescope of any size is - used, the heat at 
the focus is so groat as to endanger the lenses, and a(i-* 
eordingly it was (Uistomary to ^^eap down” the objeqt- 
0,^ to put on a cover with a small liole in the 
center, so as to reduce the aperture to- two or throe 
inclies. In this way, of course, the heat and light aro 
easily diminislied to almost any extent, but the del ini- 
tioji iB greatly injured. According to wolUcnowii opti- 
cal principles, the imago of a luminous point is not a 
point, oven in an absolutely ])erfoct telescope, but, in 
consccpieiu'o of tbo so-called “diffraction” due to tbo 
intorforencii of light, becomes a small disk, surrounded 
by a scries of concentric luminous rings ; the smallci' 
the ai)erturo of the telescope, the larger the disk with, a 
given nuignifying power. Similarly, thq im.age of a 
hpuiiious lino is not a line, but a stripe of determinate 
widtli with fringes on each side. It is easy to soo, 
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tlierofoTo, tlmt a toleseopo of small apcrfcuro can not 
possibly bo maclo to show as delicate details as one of 
larger diameter, and, to got tlio beat results in examin- 
ing the Biirface of the snn, we must find some way of 
diminishing the light and heat without cutting down 
tho diameter of the object-glass (or mirror, if wo arc 
using a roflocting tolescope), 

A reflocting telescope wlioao mirror is of xtnsilvcved 
glam ofEeets this very beautifully. The uu silver ocl sur- 
face reflects only about of tl\o incident light and 
heat, and although tho resulting imago is still too bright 
for tho TUiprotcoted eyc^j tho heat is not troublesome, 
and only a very thin shade-glass is noeded. Another 
cxcollont method is to silver by Liebig’s or some analo- 
gous process the front surface of the objoct-glasB of a 
refractor, Tho silver film can bo deposited of sucli a 
thickness as to allow any desired percentage of the 
light to pass, while the rest is reflected and not allowed 
to outer tho inatrumcnb at all. The image formed in 
this way is slightly tinged with blue, but is beautifully 
sharp and steady, there being a groat advantage in pre- 
venting the heating of tho air in tho telescope- tube, 
which occurs with every other form of instrumont. 
Tho telescopes employed by the I'rench parties in the 
obsorvation of the transit of Venus in 187i wore pre- 
pared in tins way. With its groat advantages, however, 
the method Ims on tho whole quite as great disadvan- 
tages, as was evident at Saigon, wliero clouds were so 
tldok that nothing could bo seen through tho silver film, 
and tho observer had to rub it off with a cloth before 
he could do anything. Then, of course, a telescope pre- 
pared in this way can not bo used for any other pur- 
pose, Tlio common practice, therefore, is, not to adapt 
the instrumont for solar observation by doing anything 
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to its object-glass or mirror, but to accomplish the 
desired result by some inodilication or accessory of the 
eyepiece. 

Olio of the best known and most generally useful 
oyopioccs is that devised by Sir John llcrschcl, and 
bearing his name. It is represented in Fig. It, which 
gives a section of it. The light entering at O eiicoiin- 
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tors a prism of glass, whoso first surface is placed at an 
angle of ‘15°. I'iio gi’cator part of the light, soinothing 
over passes through tlio prism, emerging pci'pcn- 
dieular to its Kecoixl siirfaeo, and goes out through the 
open end of the Lube; thorollectcd light, about 5 V of 
the whole, is thrown upward through the eyepiece 
proper, A B, which is precisely the same as ordinarily 
used. In this way most of the light and heat are got 
rid of ; too much, however, still passes the lenses for 
the eye to bear, and it is nocessary, to use a shade- 
glass ; but this may be very light. The brightness of 
the sun varies so much at difforont altitudes and under 
difl'eront condition^ of the atuiosplicro, that it is d^ 
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sirable to liavo tlio tliickuoss of the sliado-glusB adjunt^ 
able, Tliis is easily niaiuigefl by mmg a long, iltin 
wlgG of dark glass, compensated by a corresponding 
wedge of ordinary glass, and sot iii a proper frame, ub 
represented in Tig, 1% The sliadc-glass should not bo 
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colored, but of neutral tint, so that objeots on the buii'b 
surface may bo soon of their pro])or Imo, The ghiHH 
known as London smoko” very nearly fulHUfl iliin 
condition, and with a shade of this inatorial the appa- 
ratus is exceedingly satisfactory, and quite suflhucnt; 
for all ordinary work. 

^ Still fiuor results, however, may bo obtaiuod with 
more compHoatccl and expensive ^‘helioscopes,” as tlu\y 
are called, which by means of polarization reduce tliu 
light to such a degree that no shade is neoclod, niuL 
I moreover, enable us to graclnatotho light as wo ploasoby 
^ merely turning a milled licad, There are Bovoralfonnw 
of the apparatus ; we givo a figure of one construetod by 
Merz, slightly modiflod,* which is perhaps as conveniunl; 
and offectivo as any. The light entering at A first on- 

* Tho modlBcfilion constats lu Bubstltutlng tbo prisms 1 ?^ nnd P * fnr 
flSmplo roflcotors q( blsok glass, which aro very api to bo broken by iho 
heat o£ tlio sit 11*8 imago. 
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coniitovs the surface of a pi'isin, P ‘, sot at the polar- 
izing angle ; about {I oi the light passes through ^ the 
prism, omerging perpendicular to its rear 'surface, and, 
being rejected : about is rellectbd and' polarized by 
tho rellection. The rellected ray next' strikes the sur- 
face of a second prism, P and liere a considerable por- 
tion of the remaining light is thrown away. • That which 
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is lofk is I'oUcctccl into tlionppor i>ortion of tho oyepiece 
pavallcl to its oripfinal direction, through an opening in 
tho top ot tlic civcnlnr («wto in which tho two prisms 
arc mounted. Tho upper caso is attached to the lower 
in such a manner that it can ho turned around tho lino 
0 1) as an axis. It contains two piano mirrors of black 
glass, plttcod as shown in tho ligiiro. With things in 
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tho position indicated, a beam of considorablo strength 
would reach tho oyo at B — so strong, in fact, as to be 
painful ; and the samo would bo tlio case if tho upiwr 
piece were turned 180'’, bi'inging tho mirrors into tho 
position sliown by tho dotted lines, with tho issuing ray 
in the prolongation of tho ineidont. But, by turning 
the upper piece ono (piarlor of a revolution, tho issuing 
ray can bo entirely oxtingnishod, and, by turning it Iush 
or more than 90°, tho intensity of tho light can bo con- 
trolled at pleasure. As no shade-glass is used, every- 
thing is seen of its prop,er tint. Another advantage is, 
that there is no sr^ch disturbance of tho oriontatlon o f 
tlio solar image as happens with every form of diagonal 
eyopiecG, North, south, oast, and west fall in their 
usual and natm’al places — ^a matter of some iiuportaiico 
as regards tho convonionco of observation. 

Still other forms of holioscopic oycpiocc depending 
upon polarization have boon dovisod by Soo<-*lii, lAiig- 
ley, Ohristio, Piclcoring, and otliors, each with its own 
peculiar advantages ; onr limits, howovor, forbid more 
oxtondod treatment of the subject. "VVo ndd merely 
that in some cases, as in tho study of tho internal struc- 
ture of sun-spots, it is found very advaaitagcous to 
adopt tho device of Dawes, and limit tho Held of view 
by a minute , diaphragm mado by piercing a card or 
plato of ivory with a hot noedlo; thus excluding tho 
light from any portion of tho sun’s surface except that 
ttuder immediato obsorvation. 


CHAPTER III. 

THIS iiPEOTROSOOrJS AND THE SOLAR SPEOTRUAL 

The flpoctruiTi md J<Vaunliofoi'’8 Lines. — ^'i'ho Prlsinatio Spcctvoscopo ; 
Doaoi'lptlou of Vavioug Foring and Rxplaimtion of Us Oporatioii.-«* 
Tho DUIVaotlou SpcctroHcopo, — ^Tho Ooncavc-Gratlug, — Analyzing 
and Integrating SpectroHcopes. — ^'riio Telospcotroflcopo and Its Ail- 
juatinont. — Tho fipooirograph.—IilxplanaUan of Liuca In tlio Spec* 
tiuin. — Kli’chhoff^H RcBoarohcs and Lavm—Tho Sun’s Absorbing 
Atnioaplioro and Ilevorslng Layer, — Fvlomoiits present in tho Sun.— 
LoohyoFs Rosoavclics and llypotlicslB, — Rasio Lines. — Dr, II. Dra* 
pop’s Investigations as to the Pi'csonco of Oxygon In tho Sun.— 
Sohustcr’B Observations.— FfTeot of Motion upon Wavc*Longth of 
Hays and Spcctroscoplo DotGriulnations of Motion iu Lino of Sight, 

Evbb since tlio time of Wowkon it has been known 
that a beam of wliito light is dccomposablo into its con- 
stituent colors by passing it tbrougb a prism, and, under 
certain civeumstancos, the result is a rainbow-tinted band 
or ribbon, which has boon called tho solar spectrum. 
In this spectrum Wollaston, in 1802, discovered certain 
dark shadings, and in 181d: Fraunhofer again and indo- 
pondontly discovered the same thing; and bo so im 
proved his apparatus and method of observation as to 
got not merely indoltnito shadings, but clear, sharp 
lines, of which ho made a map, assigning designations 
to many of tho principal ones. Indeed, these markings 
of tho solar spectrum boar his name to this day. 

lie, howovoi*, could not account for them, fiirthor 
than to show that they did not originate in his instnr- 
mont nor in tho oarth^s atmosphere; and it was not 
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until tliG publication of the rescarchcB of Tvirchlioil and 
Bunsen, in 1859 and 1860, that the scieiitilic world 
caino to appreciate their ineaniiifij and iinportuneo. 

"Wo apeak of tlio work of Kirclilioif and Buiisoii as 
opoch-making, and siudi was certainly the case. At 
the same time the secret of the solar spectruni laid been. 
i]i part at least, divined before by Stokes, TJioinaoii, 
and Angstrom ; the latter especially, whoso memoir, 
published in 1853, wonkl certainly have obtained a 
'high , eolebrity if it had ai^pearecl in Prencli, English, 
or Gorjnan, instead of Swedish, Swan and ZautodcBcld 
had also given to the apoctroseopo nearly its present 
form ; , and luunber of other investigators, among 
whom Sir John Hci’schol, Wheatstone, Eoucaiilt, and 
J. W; Draper deserve special mention, liad each com 
tribiitcd something important to the foundations of the 
now science, for such it ims proved to be, ,Tho study 
of spectra has opened a imw world of research, and 
added some such reach to our physics and chemistry as 
the tolcBCope brouglit to vision. 

- Of 'conrao,' any extended discussion of tlio instru- 
ments, principles, and methods of spectroscopy would 
bo inconsistont with ouv’ liiniis: we can only trOat tlio 
subject very briefly. 

' Ph’st, thou, as to thoinstrumout. It consists usually 
of three parts : the collimator so called; tho light-ana- 
lyzing apparatus, whibli is sometimes a prism of train 
of prisms, and sometimes a dilTraction grating ; and the 
view-ieloscope,: Eiguro Id shows the construction of a 
singlc-pi’ism spectroscope, and the course of the rays of 
light through it. Tho collimator is simply a toloscopo 
without an eyepioco, and having in the place of tlio oye- 
picco a narrow slit This slit is placed exactly at the 
focus of tho object-glass of the collimator, so that rays 
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fuom each point o£ the nUt l^eciotuo ])arallel boaliiR alter 
piiSBlng tlio loiiB, and a poryon luolviiig Ihrcmgh tlie ob^ 
ject’glaBB; at tlio slit, aecH it prccisel}^ aR if it 'were'aii 
object in the sky, Oi^tieally, tho slit ol tlio collimator 


Pia. 14. 



ia tluiB romovoil lo an influilo diHlivnco ; "wlnlo, inechani* 
cally, it is still at tlio llnp'oi's’ oiuls, ■within roiieli' of ma^- 
inpnlntioii and adjnstincnt. The colliniator, liowoVei', is 
not oHsontial. yrimnhoJ’er’s work was all done with 
light admitted through a slit in the ■window-blincl at' a 
distance o'f twenty or llurly 'foot — a much less con- 
venient arrangement, as is at once evident. 

Tho vicw-teleseopo, whicih, however, is no more essen- 
tial than tho collimator, is usually a small telcseopo with 
an ohjcct-glass of tho samo size ns that of the collimatoi', 
and magnifying from live to twenty times, (lonerally, 
tho collimator and tcloscopo of nstronoinical spoctro- 
Bcopos are from three quarters of an inch lo two inches 
and a half In diamotor, and from si-x to forty inclioslong. 

Tho light, after passing tho slit ami object-glass of 
tho collimator, next strikes tho prism or grating, and 
thoBo two things — the slit and tlio prism or gratijig — 
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ai'G really all that is essential. In the ease of a prism 
(whicli must be set with its refracting edge parallel to 
the slit) the rays are bent out of their conrso, as shown 
in the figure, and enter the view-telescope, placed at 
the proper angle to I’eceivo them. Suppose, now, for 
a moment, that the light admitted at the slit is strict- 
ly homogeneous — say rod. The eye at the view-tolc- 
scope would then see a red imago of the slit, corre- 
sponding precisely in form and proportions to the slit 
itself, widening or narrowing as the slit is acted on 
by its adjusting screw. If instead of a slit the open- 
ing had some other form, as an arc of a circle, a tri- 
angle, or a Bcpiare, the imago seen would imitate it, 
always having the same color as the light admitted. 
Suppose, again, that the light is not homogeneons, but 
consists of two kinds mixed together — say red and yel- 
low. Viewing the slit directly, without the spectro- 
scope, one would only see a single orange-colored im- 
age 5 but w'ith the spectroscope one would see two 
widely separated images, one of them red, the other 
yellow. This is because the prism refracts the two 
kinds of light differently, so that after the rays have 
passed the prism they strike the object-glass of the viow- 
toleseope in diiloront directions, and then make images 
' in different places. If the light is composed not of two 
kinds only, but many, the images will be numerous, 
ranged side by side like the pickets of a fence ; and if, 
ns in the case of a candlo-flamo, the light emitted con- 
tains an indefinite number of tints, then the slit-images, 
placed side by side, will coalesce into a continuous 
band of color. If, in. tho oandlo-liglit, certain kinds of 
light are speoially abundant, then the corresponding 
slit-images will bo more brilliant than their neighbors; 
and if, as is usually the case, the slit be narrowed to a 
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lino, these slit-images will become Ivight ImcB in the 
spectrum — lines only because the slit is itself a line, 
which, of course, is the best form to give the liglit-ad- 
initting aperture, in order that the different images may 
overlap and interf ei’o as little as possible. 

It any kinds of light be wanting, then the corre- 
spond ing iinagOB of the slit will be missing, and the 
spoctrum will bo marked by dark bands or lines. 
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The cut (Fig, 15) shows the actual appearance of 
what IS known as the chemical spectroscope, ordinarily 
used in laboratoricB. Besides the collimator A, and the 
tdoscopo B, it haB a third tube 0, which carries a fine 
Bcalo pliotographod on glass at the end farthest from 
tho prism. Thoro is a lens in the tube at the end next 
tho prism, bo that the observer at the telescope sees this 
scale running across the field of view at the edge of the 
spectrum, and thus has tho moans of noting accurately 
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the; position of any lines ho may lind. Tliis tii’i'aiige- 
xneiit is diio to Bunsen. ; 

i Itds.'ofton dcsimblc to obtain a groator separation of 
tlie different go1ovS”“ disixcrBion,” to use the technical 
term — than a single pi'ipm ■wonld produce. In this ease, 
the rays .after.. passing through the lii-st prism may ho 
+a’au8mittcd' through a; second and a third, and so on, 
until tlieyr reach the view-telescope. With prisnis as 
commonly made, it is difficult to use more than six in 
this manner, but it is possible by reflection i^roporly 
managed to return the rays through a second prism- 
train connected with the fii-st, so as to got the virtual 
effect of from ten to twelve prisms. The inatruinont 
figured on pages t4 202, and used for observation 
of the solar prominoneds, is of this Idnd. 
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' ' Anotlier way is to \\m a eompoiincl prism, so callorl^ 
composed of a very obtuso-aiigled prism , A Ji 1C, of 
so me liigWy dispoimvo material, usually liofivy JUnt 
glass, .flanked by two prisms of lighter glass with 
tlioir refracting angles rovcrfiech Prisms of this kind 
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cimi 1)0 mado of iiuicli higlior disperBive power tlian 
Biiaplo prisms, and of coiirso a smaller mimbcr will 
unswor tlio siime purpose, By properly proportion 

tlio angles 0 A E and E 1) D, it is possible to make 
tlio yellow rays of the spectrum pass througli without 
cluuigo of dirc(*Xion, while still retaining a considerable 
dispersioiu An instrument with prisms of this kind is 
<mlled a “ diveett-vision spectroscope, and in some cases 
IB in\ich more convenient than the other forma. 

Tliollon has recently constructed compound prisms 
having tlio douse glass prism replaced hy a chamber 
iillod with carbon dianlphido, which possesses an enor- 
inous dispersive power ; with a train of these prisms he 
bus obtained views of the spectrum only equaled by the 
purformaiico of the host diffraction gratings. A dis- 
persion equal to that of thirty or forty prisms of an 
ordinary sjieclroscope is easily reached. The behavior 
of those (lisulphido prisms is, however, far from satis- 
faelory fur general work, since they are extremely son- 
Bitivo to Binall changes of tomporaiuro, which cause 
irregular refractions in the liquid) and destroy the dofi- 
nitiom 

We have used the expression, the disporsivo power 
of thirty or forty prisms ; but that is very indefinite, 
because the disporsivo power of a spectroscope depends 
upon its linear dimensions as well as the kind and num- 
ber of prisms and is proportional to the dimensions. 
That is to say, if a given spectroscope has the sij5o of its 
prisms, and tlic diametor and focal lengths of its cob 
liiniitor and telescope doubled, retaining, however, the 
former slit and eyepiece, its dispersive power will ho 
doubled l)y the change. Thus a largo single-prism in- 
fttvuiuont may equal in working jicwor a small one of 
iiuiny prisms. 
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Lord Kayleigh lias shown that the vetHolvmg power 
oi a spectroscope, coiistrnctod with prisms of a given 
substance, depends upon the length of the route pur- 
sued by the rays of light iu traversing tlicui. 

As has been said, a diffraction grating may roidaee 
the prism in a spectroscope. Tliis dillraction grating 
is merely a system of close, equidistant, })avallcl lines 
ruled upon a plate of glass or polished speeulmn-inetal. 
The closer the lines, the greater the dispersion pro- 
duced ; the larger the ruled surface, the more light is at 
the observer’s disposal, provided the collimator and 
view-telescope are largo enougli to utili^^e the whole 
ruling. The greater the total number of linos, the 
higher the resolving power of the grating, or power of 
separating close lines in the spectrum. 

It hardly needs to be said that the making of a sat- 
isfactory grating is by no means an easy matter. To 
work a surface optically accurate, and to rule it with 
perfectly straight equidistant paralled linos, 20,000 to the 
inch or so, and all of the same width and depth, is one 
of the most delicate and diflicnlt of mechanical opera- 
tions. The first that were lit for spectroscopic use wore 
made in this country, about IS^l, by Mr, llutlicvfurd, 
of Now York, upon a ruling machine deviBcd and con- 
structed by him for the purpose; they were first act- 
ually applied in solar spectroscopy by the writer, in 
18Y8. In 188 L, when the first edition of this book aj)- 
poarod, soino very fine ones had already been produced, 
with ruled surfacos nearly two inches square, carrying 
1Y,280 linos to the inch. One of these, still in constant 
use in the l^rincototi Observatory, is especially excellent, 
and exGO])t in size is hardly inferior to the magnificent 
spccimons now inoduccd at Ilaltiinoro by Vrofossor 
Howland’s wonderful machine, which at present, with 
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it8 newest iiTi])rovGniei)t8 rtkI refincnients, is quite with- 
out a rival, and almost ideally perfect. Ever since 1882 
it has been turning off gratings of aclmii-able excel- 
lenee : the largest have a ruled surface of about 5^ by 4 
inclics, with more than 100,000 lines (20,000 to the 
inch). Those have been widely distributed among sci- 
(‘Utifle workers, and it is not too jnuch to say that all 
the recent important researches upon the solar spec- 
Iruin (Thollon^a alone excepted) owe their success to 
Ilowlaiuhs gratings, 

An explanation of the way in which difErac.tion 
spectra are ]>rodnced by a grating lies beyond our 
scope ; for this the reader is referred to any good trea- 
tise on optics. We merely state, in passing, that diffvaO' 
tion Ims nothing to do with refraction, but (lepends 
upon the fact that the ether waves, of which light con* 
sists, under certain circumstances “ interfere ” with each 
other and produce brilliant offeets of color. Wc say 
because, while a prism gives but one spectrum, 
a grating gives many, and of different degrees of dis- 
persion, which is often a matter of much convenience. 
Of course, no one of the spectra is as brilliant as if it 
were the only one, bnt with sunlight this is a matter of 
small consequence. Besides, it is possible, by giving the 
proper sliapo to the diamond point which rules the lines 
and i)roporly regulating the depth of cut, to produce 
gratings in which most of the light shall be concen- 
trated in a single one of tlio spectra at the expense of 
tlio rest. 

A good grating combined with a suitable collimator 
and telescope constitutes a spectroscope which for most 
Holar work is iucomparaldy superior in power and con- 
vciiicnco to any prismatic instrument of similar dimen- 
sions, BO that as a matter of fact the grating-spcctro- 
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scope has almost superseded the otlior in this sort of 
work. 

]?]g. 17 shows tho arrangement of ihodillovontpartH 
of Buch an instrument. The colUnuitor and view-tcU^- 
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scope are placed with their objoct-glnsses close togeiliur, 
and tlieir tubes making as small an angle as poHsiblis 
consistently witli keeping tlio grating at a managoaldtJ^ 
distaiiccj since both collimator and telescope must 
pointed at tho center oC tlio grating. The grating;' irt 
mounted on a frame with an axis at A, so that it van 
rotate in the plane ofi tho dispersion, tho ruled 
being parallel to this axis. Tho frame which carriim 
tho grating must bo so conslructecl as to support iL 
steadily and firmly, without the slightest strain, f<ir it 
is essential to its good performance tliat the surfn(»o 
strictly plane: an abnormal pressure ot a single oniiro 
at one of the corners will sensibly alTcct its perfenun- 
anco, and four ounces would bend tlio plate sulllcionlly 
to ruin the definition. 

As tho diilorent orders of spectra oYerla]) ciiudi 
other (the red end of tho second order spcetniin over- 
lapping the blue of tho third, etc,), it is Bometimos uocuh- 
sary to separate thoin, and this cun bo done in a nmii- 
nor first suggested by Fraunhofer, by interposing botwcon 
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tho grating and viow-telcscopc a single prism with its 
plane of dispersion porpendicnlar to that of tlicgralingj 
tlio toli’.8eop(i being then inclined at the pi’opor angle to 
receive tho rays. A direct- vision prism in the eyepiece 
answers tlio same puri^osc, though less satisfactorily. In 
many (uises a suitably eolortul slmdc-glass is siillicient. 

Fig. 18 is from a photograph of an instrument act- 
ually ill use at Vrinccton for observations upon solar 
proniinouces. It is designed to bo attached to a nine- 
inch equatorial^ its collimator and view-tolescopo being 
each only about thirteen inches long, with a diameter 
of an inch and a quarter. The prism, P, is used only 
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occtiHloiifilly fnul oan easily he removed, 'Plic tcleseopo, 
'i\i8 llioii iewored to tho same level as tliccolliirmtor, so 
00 to he iiorpondieular to the lines of tho grating. 

Thoro iB, howovor, a form of gratiiig-spoctroscopo 



THE SUN. 


70 

invented by Professor Howland wbicb uses not a fliit 
but a oonmve grating, and disponscs with both the col- 
limator and the telescope. For certain researches, such 
as the mapping of the spectrum of the sun or of metal- 
lic vapors, or for comparing together different spcctiu, 
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it is the most powerful and clloctivo of all spcctroficopit*. 
apparatus. The arrangement is that indicated in 
lU. The grating, 6, is mounted at one end of a stilT 
bar, 0, at tbo other end of which is placed an oyopiect'. 
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Two pivots, one with its center directly under the cen- 
ter of tlio ruled surface of the grating, and the other 
at I, distant from the first by the radius of the 
Bifiierical surface of the grating, connect the rod with 
two carriages which ride upon the rails E and E'. 
These are firmly secured exactly at right angles to each 
other upon the two strong beams A and B, and at the 
point wliore the rails wotikl meet is jfiaced the slit S. 
With this arrangement, if I is made to slide along B 
citlier Inward the right or left, G will slide along A ; and 
sinc.o tlio angle at S is a right angle, the three points, G, 
8 , and I, will always be on the circumference of a circle 
whoso diameter is G I. Under these conditions light 
passing through the slit and striking the grating wdll 
form a perfectly focused spectrum at I, M'hich can be 
viewed with the eyepiece. 

If desired, a photographic plate can be placed at I 
and the specitrnm photographed. If I is moved toward 
Iho right it will run toward the red end of the spec- 
trum, and toward the violet if moved toward the left. 
With a six-inch grating the rod Q I is usually from 
fifteen to Iwonty-fivo feet long, and the (lispcrsion is 
tremondons. The apparatus is mounted in a large room 
perfectly darkened, and the sunlight is brought in by a 
holiostat jnirror, through a suitably protected orifice. 
It was with an apparatus of this kind that Professor 
Eowland made his great photographic map of the solar 
8i)0clrum (page 78 ), and has studied the spectra of 
ticarly all the chemical oloments. The theory of the 
instrument is (piito beyond our range: those who are 
Buffioiontly versed in mathematics will find it given in 
the “ Eneyclopfcdia Britannica,” article “Wave-theory 

of Light,” § U. , . X \ 

Tlio prismatic and diffraction (or interference) spec- 



tra diflor from each other to a certain extent, not, uf 
course, in the order of colors or ol lines, but in thtMi’ 
relativo distances. In tlic prismatic spec-truin tho rml 
and yellow portion is mncli compressed, while tho viohd. 
is greatly extended ; with the diJIraction spoctrmi) tlio 
reverse' is tho case; the linos in the violet are erowdml 
together, and those in tho red are widely separated. 

In tho diflraction spectrum tho linos are almost ptsr- 
fcctly straight; in tlib prismatic, generally more ov InsH 
curved; wo say generally, because there aro forma of 
high -dispersion spcctroscopo in whicli this curvature in 
corrected. This curvaturo is caused by tho fact that 
tlio rays from tho top and bottom of tho slit dti not 
meet tlio refracting surface at tlio same angle as thos(^ 
from tlio middle of tho slil ; they arc, there loro, diffur- 
ently refracted ; in consoquonco, tho slit-images of wliio.li 
the spootrum is built np aro not straight, but dislorUnl. 

Wo may add that the dark lines which often run 
lengtluviso through tho s])cctrinn aro merely duo to 
roughnosscs or particles of dust on the jaws of tho nlit. 
It is almost impossible to nialco and keep tho edges of 
the slit so clean and smooth that linos of this sort will 
not appear when the opening is very narrow. 

Tho spectroscope may bo used in two entirely ilif- 
feront ways; it may simply have its collimator pointc<l 
toward tho source of light; or a lens may bointorpoHinl 
botweoa tho slit and tho Inminous object, so as to foi’tu 
an imago of tho latter on tho slit. 

In tho iirst ease, the instrument is said to bo an 'in- 
tegraiing spectroscope, becanso each point in tho slit 
receives light from tlio wliolo of tlic luminous object, ho 
tliat tho spootrum is alike tlirough its wliolo width, iiiul 
voprosoiits tlio average light of tho object — itlumgat lliu 
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wliolo, 80 to fijieak. In the second case, diffci’ent parts 
of tlio slit are illuiuinatcd by light from different parts 
of the object; the top of the slit gets the light from 
0110 point,. the middle of the slit from another, and the 
bottom from a third. If, then, the lights emitted by 
the three points differ, their spectra will differ also, and 
the observer will lind that different portions of the 
width of his spectrum will differ correspondingly — the 
upper portion will be unlike the middle, and the mid- 
dle will differ from the bottom. An instrument ar- 
ranged thus is called an mahjzimj spectroscope, because 
it otiabloB UR to determine separately the spectra of vari- 
ous portions of an object, and thus to analyze its consti- 
tution ; as, for instance, a sun-spot and its surroundings, 
h'or most purposes, especially astronomical, it is much 
the most satisfactory. Approximately the same end 
may be reached, in some cases, by ])lacing the slit very 
nciir the Inminons object, as in llatnc analysis, but it is 
usually much moro convenient and better to use tlio 
Ions. In astronomical work the object-glass of a large 
eijuatorial telescope is generally employed to form the 
imago of tho celestial object, and the spectroscope is 
attached at tho eye-end of tlio telescope, the eycjnoco 
being removed. The combined instrument is then often 
(jailed a tolo-spoc,lrosco]) 0 . Fig. 20, on tho next page, 
reprcsenls the apparatus long used at the Dartmouth 
Oollogo Obsorvatory. 

It in usually very important that the slit of tho in- 
struniont bo precisely in tho focal piano of tho objoct- 
glasB of tho telescope for tho rays especially under ex- 
amination. On account of the so-called “sccondaiy 
spectrum” of tho nchroinatic Ions, this focal plane is 
(piito different for tho dilTeront colors, and tho spectro- 
scope rG([uirOB to bo slid in or out, so os to vary tho 
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distance of its slit from tho great object-glass of tlio 
teleecoi^e according to circumstances. The same end 
may be obtained (less satisfactorily, however) by a sec- 
ond lens between the object-glass and the slit, and 
pretty near the latter. By moving this lens, the I'ocns 
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can bo made to fall exactly on tho slit. Noglect of tliis 
actjustmoiit* will inako many of the inost intoroating aiul 
important spoGtroacopio obsorvutiona quite impoasiblo, 
Ab has been already mentioned, pliotograpliy ia often 
used in connection with the spectroscope, and tho name 
^ Sco Kotc A, pngo 861-8(56. 
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sj>eciro(jra 2 ‘>h has heeii given io the combination instru- 
ment. yig. 21 represents the spectrograph which is 
attached to the 2«'hinch equatorial of the Italsted Ob- 
servatory at Prince tun. As sliown in the figure, it uses 
a grating, but tliis can, at pleasure, bo exchanged for a 
train of prisms. 

Some of the advantages of photograpliy are self- 
ovidont — as, for instance, the quickness and accuracy 
with which a map of any portion of the speetrum can 
bo produced, as contrasted with tlio tediousnoss of any 
drafting process. Then, too, since onr modern plates 
admit of any desired length of exposure (instead of dry- 
ing up in a few iniimtes, as our old ^^wet plates” used 
to), they enable us to got satisfactory iiogativcs of spec- 
tra far too faint to bo visually observed. Finally, there 
is a long range of ultra-violet spectra composed of rays 
of Loo short wave-length and too high a pitch” to bo 
seen by the liutnan eye, while they are easily photo- 
graphed. 

Par the ordinary photographic plate is by 

no n\eans impartial — it is very sensitive to blue and 
purple, and vejy obtuse to green, yellow, and red. The 
new isoclu'omatic and ortliochromatic plates are, how- 
ever, better in this respect, and by using them (com- 
bined with a reasonable amount of patience) it is now 
jmssible to work down oven to the red extremity of the 
visible spectrum. 

If the collimator ot a spoetroscopo of any form bo 
directed toward an ordinary lamp, or upon the incan- 
descent lime of a calcium-light, the observer will get 
simply a eoTitinuous spectrum ; a baud of color shading 
gradually from tho red to the violet, without markings 
or lines of any kind. If tlio inslnimont bo turned to- 
ward tho sun ho will obtain somothing much more in- 
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tei’Gsting — a baud of color, a» before, but nuirkcd bj 
hundreds and Uiousanck of dark lines, some flue ami 
black, like hairs drawn across the speclruni, while others 
are hazy and indistinct, 

Most of ihoni retain their appearance and position 
perfectly from day to day ; some of them, however,' are 
more intense at oiio time than another, and Avhon the sun 
is near the hoidzon certain lines in the red and yellow 



terrestrial ainiosphorc. Vig, is a reproduction of a 
portion of Fraunhofer’s map of tho solar spectrum, 
allowing what one might fairly expect to see (oxcopt 
as to color) with an excellent single-prism 8poctrosco])o» 
Fig, 23 is a drawing of a very small portion of tho 
Bpcctrum in tho green, as shown by a very -i^owerrul 
spectroscope. The scale is that of Angstrom’s inup. 
The largo, heavy lines arc known as tlm Little I grcjiip, 
and arc due, as we shall soon sec, ])art of them to Uu^ 
presence of iron and nickel, and part to magnesium, us 
gases in the solar atmosplicro, 

HlUCO-rJUJ^t I^fAPS. 

There are numerous maj^s of tho solar spectrum ; 
tho earliest of any scion ti Tie value was JCirclihofl’B, which 
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appeared in 18G1- 02, Its scale was purely arbiti’nry> 
and not oven self-consistent tlironghout, so that when 
Angstrom’s map of the “normal spectrum” was pub- 
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lislied m loGSj made with a diffraction grating, and 
platted on a scale of wavo-lengtlis (oiio unit of the scale 
corresponding to ona ten-imlUonih of a millimetre of 
wave-length), it soon Buporseded Kirchliofl’s, and ba« 
not yot ceased to bo used for reference. Angstroin^a 
grating was imperfect, liowovor, and at present How- 
land’s photographic niap» dating from about 1890, in 
accepted as the standard.” It covers the ultra-viulot 
from about 3000, and extends down tlirough ilio 
visible spectrum into the rod to'\ 0900, juat beloM^ tlio 
B lino. It is unfortunate that it docs not go lower, but 
Mr, Higgs, of Liverpool, has published a set of photo- 
graphs of diflorent parts of the spectrum, and two of 
these complete Howland’s map to the lower limit of 

* A, Is tho symbol liow universally used for tlio wave-longtli ’’ o f a 
ray of HgUt* “A 3000” moans that part of the ppootrum (invis^lble hi 
this case) wlioro tho wavo-lqngtli is 3000 icn-mllHontha of a mUllmclro. 


TUB SPEUTROBOOPB AND THE BOLAll SPJEOTRUiM, ^9 

pliotographio capability. In olGarncss and beauty of 
execution Mr. Higgs’s maps surpass ovorything that 
luis been done in that lino. Thollon’s great map cov- 
ers only the lower half of the spectrum, and is subject 
to the same objection as that of KirchhoU — an arbitrary 
s(^alG. Its peculiarity is in presenting the appearance, 
of the spectrum corresponding to different altitudes of 
the Bun. 

As there are invisible rays beyond the upper or 
violet end of tlie visible spectrum, so also below the 
red there is a still longer range of rays of wave-length 
too groat for the human oyc to perceive. Photography 
carries us a little way into this infra-red region, but not 
far. For most of our knowledge of it wo are dependent 
upon the bolomotric” work of Professor Langley, to 
wliich we shall have to refer more specially in treating 
of the boat of the sun. lie has already succeoded in 
mapping this hcat-spoctrum,’^ as it is soinotiines called, 
snlflciontly to show that it is lillod with dark bands and 
lines, and has fixed the position of many of them. 

If, instead of using the sun or an ordinary flame for 
the source of light, wo examine with the spectroscope 
an electric spark, or the arc between carbon points, or 
the light produced by passing the discharge of an induc- 
tion coil through a rarofled gas, we shall get a spectrum 
of quite a dillorcnt sort — a spectrum consisting of bright 
linos upon a dark or faintly luminous background; and 
it will be found that the spectrum developed will ah 
ways bo the same under similar circumstances, depend- 
ing mainly upon the material of the eleoirode^ (the 
points between wliicli the disebargo passes), and the 
nature of tlio intervening gas, but also, to a certain 
extent, updn its density and the intensity of the elec- 
tric discharge. Bo, also, if certain easily vaporized salts 
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arc introduced into tlio blue flatuc of a P>uiisen gas-buriv 
GJ', or of a spii’it-lamp even, the llatno becomes coloredj 
and its speetnnn is a spectrnm of briglit lines, which 
are perfectly ebaracteristic of Iho metal whoso salt is 
used. An ordinary candle-flame, indeed, almost always 
shows ono Biicli bright line in the yellow, as had been 
noticed many years before Swan, in 1857, showed it to 
be due to the preseneo of sodium, which in the form 
of common salt is universally disti'ibnted. 

•Prannhofer, as early as 181-^,} had discovered that 
thk.'line (or lines rather, for it -ts- really composed of 
twO) easily separated by a Bi?e(?Pro3CO])p of - no grout 
power) exactly coincides with'tho'donble line which ho 
named D, in the solar spectrum ; and ho had found tho 
saino line in the spectra of certain stars alto ; bntlio did 
not know that the lino was due to sodiiim, or in all 
probability ho would have anticipated by neai'ly half a 
eontury the discovery which lies at the foniubiluon of 
modern speetnnn analysis. As has been said beforo, 
tho principles involved seem to have boon more or 
loss distinctly apprehended by several . persons — Htokns 
and Angstrom especially — years before the i)uhlication 
of 'Kirchholl in 1859 ; but it was Kirchhoirs work 
which first bore fruit. 

It is not nece^ry to repeat boro again the oft-told 
story how ho foiind that, when sunlight is made to 
pass through n flamo containing sodium-vapor, the 1 )- 
lines in tho spectrum of this sunlight come out with 
increased intensity ; though, when a screen is interposed 
between the sun and the (lame, tho lines are hvlglit, us 
usual in such a flame. He fonnd, too, that when tho 
ineandesoent lime-cylinder of the ealchnn-light is placed 
heliind tho sodium-flame, a precisely similar phonomonou 
occurs, and tho bright lines of tho flamc-speetrum aro 
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I’cvcrRed to davlc micB.* Ho found the Raiiici idling t<* 
hold good iilno for a iliiino colored by lithium- 

I'lio Buni of hiB results may bo stated as ft)llowu : 

L yolids and lictiiids, whuii incaiidosceiit, fijivo 
tinuouB spectra; aiidj as \vc uow laiow, the rtuitio tluiig 
is true of gases also at great pressures, 

2, lloclies in the gaseous state (and not cc>nii>roBWul) 
give discontinuous spectra consisting of bright ]iwM luul 
hands; and tliesc hrightdine spectra are dillx^rcnt 
(liiTcrent substaiiccS) and characteristic, bo tlial a giviiii 
substaiieo is identiliable by its spcctrunuf 

'When light from a solid or liquid iucmnclt^H(!ont 
body passes through a gas, the gas absorbs pruedsoly 
those rays of which its own spectrum conHiutH ; Ht> tliati 
tliu result is a spectrum marked hyblaek liimn omnipy- 
iiig exactly the same ])ositions winch would be hold I>y 
the bright lines in the spectrum of the gas aloiitn 

TFs conclusion, theveforo, was that the lunii hour Riir- 
face of the sun {(;tho pliotusphero/'XJs coiniHJHi'd 
solid/)!' liquid matter 'giving by itself a purely c.outiu- 
uous spectrum, and that the dark lines which luarlv tlic^ 
spectrum are produced hy the traimmissiou of tlio lig-ht 
through an overlying atmosphere. lie. .hoUuvcd tlio 
photosphere to be a continuous shoot of liquid- -a nu)U 
ton ocean — but numerous facts since leanuni inaku i1. 
almost certain that it isu’atlior a sheet of ohmd/’ 
posed ot minute drops or dust lloating in thu lower ro- 
giona of the solar atmosj)horc. 

Tho blrtokiiujjs of tlmllnoa formed In Uila wny ia anch thal U In Hunii*- 
UmoH dUdoiiU to l)o1i(jvo, wlml i« really Iho faot^ llint thoy arc ncimiUy 
(iriff/Uor thiui they wore before llio llme-eyliuder wao nlticcd liidihul Miu 
nuiuo, nml that their dnrknoas l» only aprarent, imd dno Ua Idujlr cohUmihi 
with the more bi’lliiiint baekj^ round of the coulinuoim K])ccLi'mn i>t ih« 
Incaiidoficout Ibno, It tH very eaay^ bow over, to dcnioiiB irate ibu Lvnib by 
ft Blmplo oxpcrhnont f Heo Koto B, pagu 8155, 

1 
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If, tlion, sodimn is prcBont in tlio solar atinosphoro 
botwccn ns and the 2)lioto8phoi'e, wo oixght to liml iJi 
the solar Bpcctrnui those lines (hirlc which are bright in 
the apoetnim of sodinm-vapor ; and wo do. If ,ning 
^ i i npBiuni is there, it ought to manifest itself in the sumo 
way, and it docs 5 and similarly for all the substances 
which spectrum analysis rovcalH. 

If this view is correct, it follows also that this atuins- 
piiore, containing in gaseous form the Buhstanccs whose 
presence is manifested by the dark lines oC the oi'di- 
navy spectrum — the sun’s reversinff layoi', as it is now 
often called — would give a spoetnun of bright linos if 
we could isolate its liglit from that of tlio piiotosiihcu'D. 
The obsorvatioTi is possible only under peculiar oiremu- 
stancoH. At a total eclipae of the sun, at the momoul 
when the advancing moon has just covered the suu’is 
dish, the solar atmosphere of course ))rojcct8 somowlial 
\ at tho point whore the last ray of suniight has disap- 
I i)0arod. If tho spectroscope be then adjusted with iln 
alit tangent to tho snn’s imago at tho point of contact, a 
most -beautiful phenomenon is soon. As the moon ud- 
v'ances, making narrower and narrower tho remaining; 
j sickle of tho solar disk, tho dark linos of the spoctrtim 
j for tho most part remain sonsihly unchanged, thongli 
i becoming somewhat more intense. A few, howovoi*, 

' begin to fade out, and some even turn palely bright a 
ninuto or two before tho totality begins. But the nut- 
mont the sun is hidden, through tho whole length (»J 
the Bpeotrinn, in tho red, the green, tho violet, tlxcj 
bright linos flash out by hundreds and thousands, nlmoKt 
startlingly ; us suddenly ns stars front a bursting rocket- 
head, and as gsanescaut, for tho whole Iking is evetr 
within two or three seconds. Tito layer seems to l»u 
only something under a thousand miles in thiclatOB»t 
and the moon’s motion covors it very (piickly. 
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Tho plicnomonon, though looked for at the first 
eclipses after solar spectroscopy began to be a scicuco, 
was missed in 1808 and 18C9j as tho requisite adjust' 
monts aro delicate, and was first actually observed only 
in 1870. Since then it has been more or less perfectly 
seen at every eclipse.* Except at an eclipse it has not 
yet been found possible to observe this bright-line spec;- 
trum, because it is overpowered by tho aerial illumina- 
tion of our own atmosphere. 

It is not, however, to bo understood that tho dark 
lines of the solar spectrum are duo entirely or oven 
principally to tho stratum of gas which lies close above 
the surface of tho photosphere, Wore this so, the 
dark lines should be much stronger in the spectrum of 
light from tho edges of tho disk than in that from tho 
center, which is not tho case ; at least, the dilferonco is 
very slight. Tho photosphere, as we shall see here- 
after, is probably composed of sopamtocloud-liko masses 
floating in an atmosphere containing tho vapors by 
whoso condensation they aro formed ; tho principal ab- 
sorption, thoroforo, probably takes place in tho inter- 
stices between the clouds, and below tho general level 
of their upper limit. 

Tho beautiful observations of Professor Hastings, of 
Hew Haven, in which by an ingenious contrivance ho 
managed to confront and compare directly tho spoelra 
of 'light from tho center and edges of tho sun’s disk, 
haVe brought out tho facts in tlio caso very finely. 

"iThcorotically, then, it is very easy to test tho qnos- 
tion of the prosonoo of an element in the sun, It is 
only necessary to cover one half the length of tho spcc- 
troscopc-slit with a mirror or prism by which tho sun- 
light is directed into tho instrument, whilo at the same 
t'lmo a flame or electric spark, giving the spectrum of 
’the substance under investigation, is placed directly In 
* Son Note Ot 86V* 


front of the other half of the slit. When niattera aro 
thus arranged, the observer sees in tlie iiistrunioiit two 
apGotra in juxtaposition, each of half the usual width — 
one the solar spectrum, the other that of the oleinout 
under investigation ; and it is easy to see whether the 
bright lines of the elementary vapor match exaedy 
with coiTosponding dark lines in the solar Bpectrum. 
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riitau. ' TuosaoPB- 
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The flgurca show the usual arrangonioiit of the eoi»- 
parison-inism, as it is ordinarily called. 

For tlic examination of the upper or violet portion 
of the spectrum, photography is employed with great 
advantage, the nri’aiigcmcrit being precisely tho same as 
that just indicatecl, except that a seusitixed plate talcoa 
tho place of tho Imman retina, and tho improBsion can 
bo ponnancntly retained for leisurely study. Certain 
light, too, as every one Icuows, which is invisible to tho 
eye, strongly alTocts tlio ])hotograpliic plate, so that tlio 
comparison can by this means bo carried on into tlio 
ultra-violet regions of tho Rpoetnun.- 

The following full-pago illustration is a rcjirosonfft- 
tion of the ari'angcinont of apparatus used by Mi-. T-oek- 
yor in liis celebrated resoarclios — is taken from liia 
“ Stiidies in Spectrum Analysis.” 
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Thooretically, we say, tlie comparison is easy ; but 
tlio practical difficulties arc considerable. In the first 
place, it is not easy to get a spectrum of the body you 
wish to study, free from lines belonging to otlier sub- 
stances— the reepusito chemical purity is very trouble^ 
some to attai3:i ; and, in the next place, the dark linos of 
the solar spectrum are so numerous that it re(tuires a 
, very high dispersive power to establish a coiiiciclenco 
fWitli certainty ; a bright line in the spark-Bpectnim may 
jjlfall Dmj near a dark lino with which it has no conncc- 
ition whatever. When, however, as in the case wc have 
mentioned, the coincidences ai'o not one or two, but 
numerous, and the lines in question peculiar in their 
clmraoter and appearance, a satisfactory result is soon 
established. 

It was in this manner (by comparisons made by the 
oyo and not by photography) that KirchhofE in 1860 de- 
termined the presence in the solar atmpsphore of the 
following elements: sodium, iron, calcium, magnesium, 
nickel, barium, copper, and zinc, the last two rather 
doubtful at that time. Since then the list has boon 
greatly oxtendocl, and in 1801 stood as follows, accord- 
ing to Professor Howland, who has been making a most 
thorough roinvostigation of the whole sxibject. Ho has 
worked with eon ca Vo-grating apparatus of the highest 
power, and has made his comparisons between tho spec- 
trum of tho sun and tho spectra of tho chemical ele- 
ments by means of photography. He has used, however, 
only tho electric aro^ and not the spark, in producing 
tlio spectra, and it is to bo hoped that this research 
may be supplomontod by an equally thorough study of 
B park-spec tr a, Since tho work is not even yet com- 
plete (1895), the list is to be regarded as provisional 
only. 
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Er.KMENTS IN THE SUN, AKllANaifiD AOCORDINa TO THE 
NUJIBER AND INTENSITY OP TIIEIlt DARK 
LINES IN THE SOLAR SPEO'rRU:M, 


latoiiBity, 

1, Caklinn. 

2, Iron 

3, Ilydrogou* 

L Sodium, 

C. NloUoK 

6. Mngucsium, 

Oolmlt, 

R. Silicoii.f 

9. Aluminium.f 

10, Titanium. 

11, Chromium. 

12, Strontium. 

18. MaiiRanosc. 

M, Vanadium. 

15. Rariuni. 

10, Cnrhoii. 

IV. Scaudium.f 

IR. Yttrium, 

10. J^irconium.f 

20, Jlolybilouuin.t 

21, LaiHhanuni. 

22, Niohium.i 

28. Palladium.] 

21. Neodymium.]? 

25. Co))poi’,|- 

20. Zlno, 

27. Oadmium, 

28. Oorium. 

29. Gluclnum.| 

80, Oormaniurn.t 

31. Rliodhnn.f 

32. Silver, 

38, Tin. 

84. Lead. 

85. Erbium. 

86. Votassiurn.t 


Number, 

Iron (2,000 or more). 
Niekel, 

Titanium. 

JIaiigaiioBO. 

Ghvomiura, 

Cobalt. 

Carbon (200 or more). 

Vanadium. 

ydrconiiun. 

Cenum, 

Calcium (76 or more). 
Neodymium, 

Scandium. 

Lanthanum, 

Yttrium. 

Niobium. 

Molybdenum, 

Palladium. 

MagnoMum (20 or more). 
Sodium (11). 

Silicon. 

Hydrogen, 

Strontium, 

Barium. 

Alumluium (4), 
Oadmium. 

Rhodium. 

Erbium, 

yino. 

Copper (2). 

Silver, 

Gluciimm. 

Gonuanlura, 

Tin. 

Lead (1). 

I’otueslum, 
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nonuTFUL 

KLKMIiiNTS. 


Jruihnn. 

Oamlutn, 

Platinum, 

Ruthoniuni. 

Tantalum, 

Thorlmn, 

Timgston. 

Umnliiin. 

ELEMKNT8 

NOT AUJ’EAUTNtt IN THE SOLAN SPKOTKUM. 

Antimony. 

Arseiuc, 

niflmuth. 

Bnron, 

CfCBlnm, 

Goia. 

Indium. 

Lithiuni. 

PhosphoniB. 

llnbklium, 

Solonium, 

jM(u'cury, 

Thallium, 

PiTOSCOilyinhim. 

Nitrogon (vaouuin-tulic). 

Sulpliur. 


SUl^STANOES NOT YKl’ TIUIOD (UY HOWLAND). 

Bromine, Olilovino. Eluonnc, lodiuo. 

Oxygon. GnlHum. UolniUim. TellnHiiin, 

Toi'biuin. Tljulliimj etc. 

ProfesBor Rowland remarks that several ot the 
monts are cJassifiecl as ^^not appearing in the solar specr- 
trnm^’ merely because their arc-spectra show very few 
strong linos, or none at all, within the Hunts of the nular 
spectrum (it might bo cUfforent witli their 
tra). 

Ho adds, what can not too Hrmly bo borne in mind, 
that the failure to find them ^‘is very little ovidoiUM^ ipf 
tlieir absence from the Bun itself/^ and that if the whnU» 
earth were heated to the temperature of the snn, iIh 
spectrum would probably resemble that of the ruu vi^vy 
closely.” 

Besides those substances which reveal their prewnuH^ 
in the snn by dark lines in its spectrum, there ar(^ at 
least two others, and ooronimn^ as they wva. 

provisionally named, which show themselves only \\y 
Iright Hues in the spectrum of the cliromosphuru niitl 
the corona, with which \vc shall deal later, In 1811 Ti 
hclnm was at last identified by Ramsay, in coiinoctitjii 
with his rescarchoB upon argon, the new component; of 
our atmosphoro. Ho found the lines of helium in gem 
* Soo noto on page 844. 
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cliBCnigagod from uraninilo and other minerals, where 
it is asBoeiated witli the Bo-eallod rare earths.’^ £)oro- 
pinm still remains undetermined , 

All oC the ahovo-naincd elements, except those 
marked with a f, are re])reHented at times by bright lines 
in the spectrum of ilio ehvomosjdiero, which will bediB- 
cussed in another chapter ; and strontium and cerium 
were ohsorved in tluit maimer by the writer hei’oro the 
coineidencoof their lines witlw/«WiMinos in the ordinary 
solar spectrum had been satisfactorily made out. 

Ah to carbon,^ the characteristic groups of lines 
wliich mark the portion of its spectrum arc only 

douhtfidly present; but in the ultra-violet the iihoto- 
graphs of 'Mr. Lockyorhavo brought out other groups 
which belong to this element, and the prcsoiico of this 
elomont has since boon abundantly confirmed by Row*' 
land and others, 

'iPhuR far the most careful observation fails to find, 
cither in the ordinary siioctrum or in that of the chro- 
mosjihoro, the slightest trace of bromine, chloidno, 
iodine, or nitrogen, of arsenic, boron, or pbosphonis; 
of sulphur there are merely doubtful indications in the 
Ghromos])liore spectrum ; and as regards oxygen,* the 
cvidonco, on the whole, is against its iiresonec, tliongh 
the case is peculiar. 

Whou wo recollect that the non-apparont olcmonis 
constitute a great portion of tlie carllpB crust, tho 
([uostion at once foreos itself, Wluit is tlic meauing of 
tlioir scorning absence? Do they really not exist on 
tlie sun, or do they simply fail to show Ihemselvos; and, 
if so, why ? Tho answer to the question is not easy, 
and astronomers arc not agreed upon it, tliongh we im- 
agino that most of them would pi-efcr tho latter altorna- 
Uve, Kvou under tho conditions of our torrostvial 
♦ Sqo nolo on pnRo SfiO. 
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laboratories wo find cases where, when several gases and 
vapors are mingled at a high tompevatnro, certain ones 
only of those present appear in the spectrum of the 
mixturOj tho others giving no indication of their prea- 
onco. Then, too, it is now certain that tho same sub- 
stance under differing conditions may give two or more 
widely differing spectra ; it is easy to admit, tliorefore, 
that wo may bo unable to reproduce in tho electric arc 
tile Bpoctrum of a substanco that characterizes it in 
tho sun, and so may fail to identify it. Possibly, in 
some cases, the very brilliance of the lines of an olonicnt 
may prevent their appearance ns dark lines. It is pos- 
sible, for instance, to make tho bright linos of sodium 
so intense that the liglit from an incandoscent lime- 
cylinder will not be able to reverse thorn, and, of course, 
by making them a little less intense, they may bo causocl 
to disappear entirely, being neither brighter nor darker 
than the continuous spectrum on wliich they are pro- 
jected. This may perhaps actually bo tho case with 
hbliura, which gives in the cliromoaphore spectrum an 
intensely brilliant yellow line, known as bocauso it 
is very near to the sodium linos, IX and T),. At times, 
and especially in the neighborhooct of sun-spots, a very 
faint dark line xnarlca its place, but usually the spec- 
trum of the photosphere fails to give tho slightest in- 
dication of its presence. There are, however, in tho 
chromosphoro spectrum fifteen or twenty other bright 
linos (but fainter than D^) which have no dark cor- 
rolativcfl. Most of those are now known to bo also 
clue to liolium, and this makes it more likely that the 
absence of dark linos is accounted for either by tho 
tliinnoss of tho helium layer or the intensity of its tom- 
poraturo, 

Nitrogen and hydrogen each have two spectra, one 
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a spoctrum mostly composed of shaded bands, while the 
other consists of sharp, wolhdoflned lines, Oxygen, ac- 
cording to Schuster's careful researches, has four spec- 
tra, and carbon is also assigned four by its investigators. 
There appear to bo varioiis possible explanations of 
those facts. One is, to suppose that the luminous sub- 
stance, without any change in its own constitution, vi- 
brates diilcrontly and omits diitcront rays under varying y 
circuinstanccB, just as a metal plato omits various notes / 
according to tlic manner in which it is hold and struck^ 1 
A second assumes that tho substance, without losing its 
chemical identity, undergoes changes of molecular struct- 
\irG (assumes ailotropic forms) under the varying cir- 
cumstances which produce tho changes in its spectrum. 
According to cither of these views, although wo can 
safely infer, from tho presence of tho known lines of an 
clement in the solar spectrum, its presence in the solar 
atmosphere, wo can not legitimately draw any negative 
conclusion : tho substance may bo present, but in such 
a state under the solar conditions as to give a spectrum 
diUcrcnt from any with which wo are acquainted. 

Still a different explanation is to suppose, with Mr. 
Lockycr, that tho changes in the spectrum of a body are 
indications of its decomposition, the spectrum of tho 
original substance being replaced by tho superposed ! 
spectra of its constituents, so that tho absence of the ' 
missing substances is real, being duo simply to tho fact' 
that tho solar atmosphere is too hot to pewnit them to 
exist in it: they decompose or “dissociate'' at a lower 
tomperaturo. 

It would bo improper to dismiss this hypothesis with 
a mere passing mention, for during the past fifteen years 
it has boon almost constantly under brisk discussion. 
’Whether true or not, it is certainly not absurd, nor in 
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itself oven im])rol)ablo. The idea that at bottom there 
is but one material aiibstaneo, and that all onr chemical 
elements diilor only in the ’vvay in which their ultimate 
moleeiilos are built up out ot the simple atoms of this 
‘\pniiLogcn,” is old, and has always been attractive to 
specmlativo niinde. Clvant it, and many otherwiso puz- 
zling facts and relations of the now chemistry become in- 
to! ligiblo. At the same time it has not yet been proved, 
and 60 far all attempts , to break up the clemcuts into 
simpler bodies have failed. It seems imposBible also to 
reconcile the hypothesis with tlie laws which connect 
the specific heat of bodies with tlieir ehcmieal consUtu- 
tion and atomic, weight. 

It may be added, too, that soino of the supposed ob- 
sorvabioiml facts upon which Mr, Lockyor relied at 
first to support his theory liavo turned out to be mis- 
takes due lo errors of experimentation, or the use of 
insuffloiont spectroscopic power. 

Thus groat stress was laid upon the so-called ladc^^ 
linos wliicdi appear to be common to tho spectra of dif- 
ferent substances. If one runs over Angstrom’s map 
of tho solar spoetrum ho will find about twontydivo linos 
marked as belonging both to iron and calcium. The 
same is true of iron and titanium to a still greater 
extent, and to a considerable degree of several other 
pairs of subsianoos. This fact might bo explained in 
several ways, Tho conimon lines may be due — ^first, to 
impuritioB in tho materials worked with ; or, second, to 
Bomo common couatitnent in die substances (which is 
Lockyor’s view) ; or, third, to some similarity of molec^ 
ular mass or structure which doterminos an idonticid 
vibration-period for tho two substances; or, finally, it 
may be that the supposed coincidence of tho linos is 
only apparent and apjiroximate — not real and exact— 
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ill wliic.h easo a Kpcctroscopo of Bulliciont dispcmvo 
))i»wor would show tlio want ol coinddciico. 

Now, Mr. J.ookycr, by a sorics of most laborious 
rosoarolioa^ lias proved that many of the coincidGiiees 
shown on tho map am merely duo to im])urities, and 
he has been able to point out which of the linos mapped 
as eominon to calcium and iron, for instance, belonged 
to oatdi luutaL As tho iron employed is rendered suc- 
cessively purer and i)uror, certain of tho common linos 
become fainter, and encli evidently belong to calcium 
and not to iron. " Similarly^ when calcium is used, we 
can point out tho lines which arc due to tho iron con- 
tamination. Tint, when all is done, we find that certain 
of the CO nun on lines persist, becoming more and more 
conspicuouR with every added preeaution taken to in- 
Buro purity of materials. 

Moreover, when one of tho. substances, say the eal- 
^jliiin, ia subjected to continually increasing tempora- 
turcs, its Bpectrum is eontinually modifled, and these 
hmio'linesy as Mr. Lockycr assorts, are the ones which 
become inciroasingly conspicuous, while others disappear. 
This is just what ouglit to happen if they are duo to 
some oloinout existing in both the iron and caleinm— an 
element liberated in increasing abundaneo with every 
rise of toniperaturo. 

Ihit unfortunately for the theory the application of 
our prosont powerful spectroscopes shows that in almost 
every case these basic ’’ lines are only instances of 
close coincidence. Tho writer in 1880 examined with 
care tho Boventy lines given on Angstrom's map as com- 
mon to two or more elements, and was able to resolve 
fifty-six of tliom Into doubles or triplets; and later ob- 
server a liciYO resolved the rest or shown that they wore 
duo to impurities. Professor Rowland remarks that 
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with the high diapcrsiotj ” employed by him “ Loclc- 
yer’e ‘basic-lines’ are widely broken up and ccaBO t*> 
exist,” 

As has been already remarked, the case oi oxygon iw 
peculiar. The great A and B bands of the solar Bptsti- 
trum arc certainly duo to Uiiagns, as EgorolT first doU- 
nitoly proved in 1883 ; but, as the experimonts and oV— 
servations of Janssen and others have since iibundantl,V 
demonstrated, it is the oxygon of the eariJCs atinosphoi’o 
and not oxygon in the sun that produces them; they 
belong to a low-tom peratnro spectrum o£ the gns, ami 
not to the spectrum produced by the electric arc ox* 
spark. 

But in 1877 the late Dr. Henry Draper, of Kc^v 
York, announced that he had discovered the jirosouco of 
oxygen in the sun, and he published photographs whicilx 
show, in a very plausible manner, the coincidence ho- 
tween the bright lines of this element and certain hvi(//tA 
spaces or bands in the solar 8])ectrnm. Ilia method uf 
precedure was to form the spectrum of oxygon I»y 
nieans of sparks from a powerful induction-coil, woi'lcoi.1 
by a dynamo-electric machine, itself driven by an en- 
gine. These sparks passed between iron tcrminalB, in 
a little chamber wrought out of soa ps tone, th rough wli ic-l i 
a current of pure oxygen w’as forced at atmosphorin 
pressure nearly; sonaotimos, however, air was used in- 
stead, giving the same results, except that Ibo 8pooti*iin» 
of nitrogen was then superndded to' that of o.xyircju. 
The spectrum of this spark was photographed simidtivno- 
ously with that of the sun, tbo sunlight being broii^lit 
in through half the slit by a small reflector, and tlius tx 
comparison was obtained, freo from personal bias, Dex- 
tween the solar spectrum and that of the gas. The i roi i 
linos, due to the terminals, arc a great assistance in toHt- 
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-ng the adjuatments. The oxygen lines produced in this 
ivny at atiuoaphoric pressure arc not so well defined as 
:li08e seen in the B))ectrum oX a Goisslor tube, but are 
ruthor broad and hazy. 

In the blue portion of the solar spectrum, ■which 
\lono is ttccossiblo to photography, tho Fraunhofer lines 
xro generally very mnnerous, close, and black; but here 
xi\{] there is an interval free, or comparatively free, 
fi'oni lines. In a low-dispersion speotroseope such an 
interval looks like a bj^ight band. Now, almost every 
one of the dozen or so briglit lines of oxygen, which 
tile photographs display, falls exactly against one of 
those brighter interspaces, and it scorns hardly probable 
bliat so many coincidences can bo merely due to chance. 

Dr. Draper afterward roi)eated tho laborious and 
expensive experiments in a still more elaborate manner, 
and with results entirely confirmatory. 

It is, however, extremely difllciilt to explain how 
oxygon in the sun’s atmosphere can produce such an 
ofioct in tho ordinary solar spectrum while remaining 
invisible in the spectrum of the cliromosphoro ; and the 
most careful search docs not show in it a single one of 
tAese Insight oxygen-lines. Wo say of lines, bocauBo 
l^r, Scliustor Jms shown, with groat probability, that a 
clifloront oxygen spectrum, with only four bright linos 
iti it, has those four all represented by dark lines in tho 
photosplieric Bpoctrum, and two of tho four in tho spec- 
trum of tho cliromosphoro. 

With high dispersivo powers, tho ^‘bright bands’^ 
of tho solar spectrum entirely lose their prominence, and 
arc oven found to bo oecupiecl by mnnerous fine dark 
lines, Dr. dohn 0 . Draper has suggested that those 
dark linos may ho tho true roprosontativos of oxygon. 

Still lator photograpliic comparisons between tho 



solar Bpoctrnin and that of oxygon, made with higli (!!«• 
])ere.ive powers^ in the Physical Jjiihoralory of Ilarvurtl 
OoUogti and at other places, render it certain tlnit:, lui 
coincklences of sulur-lines with tlie bright linen in thr 
liiie-HjiOiitriiin uf oxygen exist in tlio region eovercul Uy 
tlie pliotographic plates that were used {X lo 

A, 5,03i). Probably most spectruseuinsts consider i hia 
conelnsivo as to the absoneo of oxygon from the sohir 
spootmm : at the same time, as Ih’ofessor Pickering; I ins 
shrewdly said, ‘‘ono would scarcely expect to rec(kguix(i 
a friend’s connteimnco the ^Plio 

(lisenssion can hardly be considered as finally closi^d. 

/ The lines of the Bolar spectrum not only inform \m 
/|,a8 to the presence or absence of bodies in the Hohir 
^ atniosidmro, but give us, to some extent, indicatioiiH an 
to their physical condition. Tlio spectrum of a giviMi 
body, say hydrogen, varies very nuicli in the rehilivt^ 
strength and hrightnoss of its lines, according to tlii% 
circumstances of its production. If, for instance, ihn 
gas bo higlily rarefied, and the electric 8))ark, 'wliiidi 
inmniiiatos it, not too strong, the linos will be lino »vinl 
sharp, Under higher pressure and more intense <Hh. 
charges, some of them will hccomo liroad and lun^y, anil 
new lines, before unseen, will make their a])j)earam'i'» 
So of other substances; and this ai>art from tlui fmd 
before stated, that a given element often has several i‘ii 
tiroly dilTorcnt spectra. Ohanges, such as have 1 km r 
monUoiiod, go on up to a certain point, and then, huiI 
clonly, an entirely new spectrum appears, not hiivini 
ai:»parcntly the Blightest coniioction with the f>ne wdiicl 
preceded it any more than if it came from an eiiLir<dj 
diffioronl oloment or mixture of elements; as, in Xni*\ 
according to Mr. Lockyor’a view, is ])robably the (uiwii* 
Now, in fclm solar spectrum, the dark lines chavaeltn 
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istic of an element are all coincident with bright linos 
of its gaseous spectrum ; but it is often the case that 
the relative width and intensity of the solar-lines do not 
match those of the bright lines in the spectrum ob- 
tained by artificial means» In the spectrum of calcium, 
for instance, certain lines, which in our laboratory ex- 
periments are the most conspicuous, are very faint upon 
the sun, and others, which are inconspiciions in the spark 
spectrum, are vastly more important on the solar sur- 
face, As* yet, wo are not able with certainty to inter- 
pret all those variations, but, in a goiioral way, it may be 
said that they all point to the conclusion that the tem- 
perature of the solar atmosphere is considerably higher ^ • 
than that of any of our ilames or electric arcs, 

SPEOTROSCOPIO INDIOATIONS OF ItOTIOn, 

At times, also, when the motions of the solar atmos- 
phoro become unusually intense, the spectroscope ap- 
prises us of the fact, and gives us the means of deter- 
mining the rate at which the moving masses are advanc- 
ing toward us or recoding from us. If a luminous 
body is approaching with a velocity at all comparable 
witli that of light, of the light, if the expres- 

sion may ho allowed — its wave-length and number of 
vibrations per second— will be changed and heightened 
just as in the case of sound. 

Most of onr readers have probably noticed the curi- 
ous change in pitch of the bell or whistle of a loeomo- 
tivo passing at full speed, especially if wo ourselves 
wove on a train moving in tho opposite direction. If 
the velocity is groat (about forty miles an hour for each 
of tho trains) tho pitch will drop a full third. 

Tho explanation, first given by Doppler, of Prague, 
in 1812 , is simply this : If both wo and the locomotive 
8 
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carrying tlio bell were at rest, we sboiild hear the bclVft 
true sound, the pulsations following each other at I’ogu- 
lar and the real intervals. If, now, we are rapidly ap- 
proacliiiig the boll, the interval of time between the 
impact of oacli pulse upon the car and the following 
ono will bo Sihortoneci, because after any pulse has been 
received wo advance part way to meet the next, and so 
oncountor it earlier than if we had remained at rest. 
Now, this interval of time between Buccessivo pulsations 
i& prccisoly what determines the piteli of the sound : the 
more pulsations thorc are in a second the higher the 
pitch. It is obvious that, if wo remain at rest and the 
bell approaches us, the same offecl will bo ]>rodncod, 
and that, if both arc moving, the effects will be added ; 
nud, Anally, it is clear that the recession of tho liearor 
from tho bell will produce the opposite ollcet and lower 
its pitch, 

Just the same thing holds good of light ; it also con- 
sists of pulsations, and tho rofrangibility of a ray and 
its diffrangibility^ if we nmy coin the word, both de- 
pend upon the immbor of pulsatiouB per second with 
which it roaches tho diffracting or refracting surface. 
Tho more frequent tho pulsations tho moro it will ho 
refracted, and tho less it will ho diffracted, If, then, 
wo wore swiftly approaching a mass, say of incandos- 
cent hydrogon, wo should And tho position of oacli of 
its charaetoristic rays in the spectrum slightly altered, 
and falling farther from tho rod end of tho spectrum 
(tho region of Blow vibrations) than if wo wore at rest. 
By comparing tho positiouB of tlieso linos with those 
obtained from a Goiasler tube containing hydrogen, wo 
could And how much clmnge was ])roduced, and there- 
fore how the vclooity with which wo aro approaching 
tho moving mass compares with that of light.* Simi- 
* Beo Note D, pftgQ 8B0, 



TUB SPEai'llOSOOPB AND TUB SOLAR SPEOTRUM. 99 

lavly, if tlio body were advancing toward ns, Ani^vice 
ve7'sa^ if tho distance wore increasing, the lines would 
bo shifted downward in tho spectrum toward tlio red/^* 

Because the velocity of light is exceedingly grc<at 
(more than 180,000 miles per second), it is evident that 
only very swift motions can produce any sensible dis- 
placement of lines in the spoctrum. Since, however, 
in tho neighborhood of sun-spots and in the solar prom- 
inences, wo frequently meet with masses of gas moving 
from thirty to fifty miles a second, and sometimes as 
much as tlireo hundred miles a second, it is not unusual, 
in working with the tclespoctroscopo, to observe tho dis- 
tortion and displacement of portions of a dark line 
which are produced by these motions, and indicate 
them. 

The figure roprosents the appearance of the'O line 
seen in tho spectrum of a sun-spot by tho writer on 
Sept 22, 1870. The velocities indicated vary from two 
luindred and thirty to three hundred and twenty miles 
per second ; tho latter is seldom, if ever, cxeecdcd. 

llcsuUs of this sort are so surprising that there have 
been many attempts to escape from tliom, atid to ac- 
count for tho distortion of lines in some other way, but 

* Tho formula for computing tho change of wavc-longth produced by a 
given velocity along tho lino of alght ia very almplo. Let \ bo the real wavo- 
Icngl h of tho ray ; \\ tho apparent wavodongtli aaafTcoted by the motion ; 
K, tho voloclty of light (180,330 iniloa a accond) ; and v, tho rate at which 
Iho dtstauoo botwcon the obaorvor and tho aourcc of llglit ia Increasing, 
then X' — X S 5 x-p , which may bo written A X — X^. If tho distanoo ia 

(korcamff^ v must bo tnhcni as mhiitSy and X' will bo loss than X. 

As an example, suppose that near a sun-spot a mass of hydrogen Is 
approacJihifjf m at the rate of 60 miles a second : how much will tho wave- 
length of tho 0 lino (X =: 3,668 units) bo diminishoil ? 

A X = 6,50a X TirflSTrff = MS J That is, tho 0 Hno will 

bo shifted up (toward tho blue) units on tho soalo of Rowland’s map. 
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without any satisfactory succobs. There have been diffi- 
culties raised also in regard to the mathematical theory 
of the matter. These have been met, however; anti 
what amounts to an experimental verihcatioii of tluj 
correctness of the I'eceivctl view has been rcachod l)y 
measurements of the diaphicomont of linos in the spc<^- 
tra of the eastern and western limbs of the sun. Tlio 
eastern limb is moving toward ns, the western from tiw* 
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in consequence of the sun’s rotation, each witli a vo- 
locity of about ITC miles per second. The rcsnltiiif^ 
clisplacemont of the linos is, of convao, very slight — only 
about of the distance between the two T) linoH — 
but, gmall as it is, it has been satisfactorily detected aim I 
inoasnrcd by Bovoml observers — Zdllncr, Vogel, 
ley, and the writer, among the earlier. 

Tho values detorminecl have ranged generally soino- 
what larger than 1*16. My own result was I ’12 rh 0 ’O 
and was obtained in 1876 with the first grating-spoc(;i*t>- 
Bcope used in astronomical work. 

A later determination made by Grew, at Baltimoi^o, 
with a much more powerful instrument, gavo 1 *18. X 1 1 o 
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Ti\oBt complofco and Ratisfactory Rcrics of observations of 
tills sort is, howevor, that made by Diinor in 188Y- 80, 
^vhich not only gave a good determination of tlio 
^-^un^s rotation, period^ (25*60 days)^ngreeing closely with 
that deduced from spot ohsorvatiouB, hut also brought 
out clearly the Cfjuatorial acceleration ” (page 140), 

Cjornu has made a beautiful application (if this prin- 
ciple to enable one to diKcriminato immediately between 
tlio linos in tlie solar spectrum which are really ‘‘solar 
and the J^jJurie ’’ lines, which arc clue to our own at- 
^jno^dicro, A small image of the sun is formed upon 
the slit-])late of the spectroscope by a Ions wliicli can be 
ynade to swing back and forth throe or four times a 
second. This makes the solar image oscillate across the' 
elit-platc in an cast and west direction, and to the ob- 
Borver all the true solar lines apjiear to cjiiivcr, while 
tlio telluric lines stand fast. 

In the moiion-distortiotis of linos Lockyer finds 
strong confirmation of his ideas, It not unfreqnontly 
liappons that in the neighborhood of a spot certain of 
the linens -whkili we recognize as belonging to the sjicc- 
trum of iron give cviclence of violent motion, while, 
close to them, other lines, equally characteristic of tho 
hilioratory spectrum of iron, show no disturbance at all. 
If admit that what wo call tho Bpectriim of iron is 
really formed in our experiments by the sxi per position 
of two or more spectra belonging to its constituents, 
and that on the sun those constituents are for the most 
part restricted to dilToront regions of widely varying 
pressiiro, tcmpoj'aturo, and elevation, it l)ecomcs easy to 
SCO how one set of tho lines may be ailectcd without the 
other. 

Jhit tho same facts are also oxplicablo on various 
other hypotheses^ 
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SUy-SP0T>S AI^D TllK SOLAR BVRFAGE, 

Granulation of Solar Surface.— Vioivs of Langley, Nasmith, Sccolil, nitfl 
others. — Fncwlfo.—Nnturo of tho Photoaphero.— Jansaen^s Plioto* 
graphs of Solar Surface— tho Rmau Phoiofipherique, — Dlacovcry^'^ 

Sun* Spot ft. — General Appeamneo ami Structure of ti Spot, — Its Kor- 
matioii and Blaappcarance, — Duration of SumSpots,— llomarknlilo 
Plionomcna ohserved by Carrington and Hodgson, — Obsorvalloim o-f 
Polora. — DhnonBions of Spots, — Proof that Spots arc CavUiea, — Puix- 
Spot Spectrum,—” V oiled Spots.*^— Kotntion of Sim, — Kcpintorlul Ao - 
celorntiou,— Lxphumtlonfl of tho Accoleratlon. — Poftttion of Sitin’ H 
Axis and Sccchi’s Table for its Poslllon-Anglo at Different TlmoB of 
the Yeav. — Proper itotioiiB of Spots. — Distribution of Spots. 

Wken an oLsevver, provided with suitable tolc8coi>io 
appliauccfi, examines the surface of tho sun, ho flndB it 
most interesting hold before him. At first view^, iix- 
deed, it is less impressive than tho moon; there is iit>t 
BO much to attract the iuniicdiato attention — no movm- 
taiii-rangcs and craters, lio shadows, rills, or rays. 

But, if tho teloscopo is a good one and tho atmo«- 
phei'ic conditions favorable, tho details soon bogiii to 
come out: tho surf|ieo is seen to be far from xinifoi'in, 
composed of minute grains of intense brilliance anti ii’- 
rcguliU’ form, fioatiiig in a darker medium, and avrmigocl 
in streaks and gimips. If the magnifying power oio- 
ployed is TOtlier low, tlic general offect of tho siu'faco la 
much like that of rough draAving-papor, or of CAii’cllocl 
milk scon from a little distance ; and, generally spoulc.- 
ing, a loAV power is all that can be used, because tito 
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heat of the sun commonly keeps the air in a state of great 
(listurbancej so that it is only occasionally that the solar 
surface can bo scrutinized with such powers as we con- 
tinually employ upon tlio moon and planets. But now 
and then times come — favorable minutes, and even hours 
— when the telescopic power can be pushed to its maxi- 
mum, and we get such views as that Avhieh Professor 
Langley has presented in the beautiful drawing of which 
our f rontis})icco is a reproduction. The grains, or nod- 
ules,’^ as Herschel called them, are thou seen to be ir- 
regularly rounded masses, measuring some hundreds of 
miles each way, sprinkled upon a less brilliant back- 
gronnd, and making much the same impression as snow- 
flakes sparsely scattered over a grayish cloth, to use the 
comparison of Professor Langley. If the telescope has 
a diameter of not less tlian nine inches, and if the see- 
ing is absolntoly exquisite, tlieu these grains themselves 
are sometimes resolved into granules,^’ little luminous 
dots not more than a hundred miles or so in diameter, 
which, by tlieir aggregation, make up the grains, just as 
they in tlieir turn make up the coarser masses of the 
solar snrfaeo. Professor Langley estimates these gran- 
ules to constitute pcrliaps about one fifth of the surface 
of the sun, whilo they emit at least three quarters of the 
light. lie and Sccchi seem to be so far the only ob- 
Bervers wlio have over fairly soon them, Tho grains ” 
Iiave boon known for years and described by many 
observers, but with some very omharrassing discrep- 
ancies, Nasmyth, in 1861, dcBcribcd them as ^Svil- 
lowdcavos” in shape, several thousand miles in length, 
but narrow, with pointed ends; and figured the surface 
of tho sun as a sort of basket-work formed by tho inter- 
weaving of such filainonts. Pig. 28 is copied froiri one 
of his pictures. IHs statement excited a good deal of 
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pretty warm discuHsioii. Dawes entirely denied the 
oxiBtonee of any sudi fonus ; while Stone and Seechi 
assigned them inueh smaller dinionBions, and compared 
them to rice-grains, Huggins agreed completely with 



an/iNcm AND rouKe of tii» Bus’b Suhhaoh, (After IIugglnB.) 


ncitlier, but roproBcnts the malco-up of the solar snr- 
face by a drawing from which 29 is taken. This 
is ninjuosUonably a very correct delineation of what is 
seen with a good toloscopo under circumstances fair, 
but not tho host possible. 
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On porLioiis of tlio siiii’fl disV, however, tho cleinen1> 
ary striiciturc is often composed of long, narrow, 
ended flhunonta, not so imicli like “ willowJcaves 
like bits of straw, lying ronglily parallel to each otluu* 
— a ‘‘ tliatch-Btraw’^ formation, as it has hoon called^ 
Tills is specially common in the pouumhreo of spols, oi* 
in their iinniodiato noigliborliood. 

If one were to spociilate us to the explanation of iIk^ 
grains and tlmtcli-strawB, it might ho that tho grains 
tho upiier cuds of long filaments of ImniuonB eknni, 
wliich, over most of the sun’s surfac^o, stand approx i-^ 
nmtoly vertical, hut in the pcmimlmi of u spot are in- 
cUiiod so as to lie nearly horizontal. This is not certain > 
though ; it may bo that the cloud-masses over the inurti' 
quiet portions of tho solar siirfm*© arc really, as thny 
seem, nearly globular, while near the spots they 
drawn out into filamentary forms by atmosifiiorie cur- 
rents. 

* ^Vliatovcv tho explanation may ho, the aiipcaraixjio 
of things in the immocliato neighhorhood of asp<it M 
often pretty fairly represented hy Mr, Nasmyth’s jmd - 
nres, though that of Professor Langley is dcundedijy 
more aceiiriito in details, and represents fur bettor Hon- 
ings. 

Near the edges of tho disk tho light falls off vui‘y 
rapidly, and certain peculiar formations, called tho 
ulm, are there much more noticoahlo than near tho cun- 
ter of tho disk. Theso faculro (Latin, little torch 
arc irregular streaks of groiilor hrightuess than tho g<ni- 
oral surfaeo, looking much like tho flecks of foam wlufd i 
mark tho surface of a stream below a walorfall. Kiit 
iinfrcquently they are from five to twenty thonsiuicl 
milofl in length, covering areas immensely largo* 
any loiTostriul continent. 



BUN-SPOTS and the SOLAR SURFAOE, 


107 

Tho figure, taken from a photograph hy De La Rue, 
givcB a reasonably correct idea of tlie general appear- 
anco of these objects, and of tlic darkening at the limb 
of tho sun. No woodcut, however, is (piitc competent 
to give tho delicate flocculence of the details. 

Until lately these facuhp have been considered to he 
simply elevated portions of the photosphere — niounluin- 
0U8 billows of shining cloud which rise above the gen* 
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eral level, and protrude througli llio denser portions of 
thp solar atinosphorp. Occasionally, when one of them 
passes over tho edge of tho disk, it can be seen to pro- 
ject like a little tooth — tlm reader should not forgot, 
however, that tho olovation, to bo perceptible at all, 
must bo at least two hundred and twenty-five miles, or 
some forty-five times as high as any Himalaya. 

If they are elevations rising from tlio jihotosphere, 
the reason wliy they are so much more conspicuous 
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near the limb is simply this : Tlio lummoixs STirfaco is 
covered » as has been intimated before, with an atmos- 
phero which is not vory thick compared with the di- 
mensions of the sun, but still siiflicioiit to absorb a good 
deal of the liglit. Light coming from tho centor of the 
disk ponetmtes this atmosplioro at as is apparent from 
tho figure, under tlio most favoraldo conditions, and is 
but slightly reduced in amount Tho edges of tho disk, 
on tl\o other liand, are scon through a much greater 
thickness of atmosphere, as at 5, and are, therefore, of 
course, much obscured, tho amount of absorption being 
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by some observers put as high as sovonty-flvo per cent 
If, now, to take an extreme case, wo suppose a faciilu 
higli enough to lift its summit (piito through this at- 
inosphoro, it will itself suffer no diminution of brill- 
iauec while tho sun’s rotation carries it from tho center 
of tlio disk to tho Ihnb, but it will have passed from 
a background of brightness almost equal to its own, 
on which it would bo soon only with dilTlculty, to 
another sovonty-flvo per cent, or so darker, and will 
thus become very conspicuous. What is triio of faculoi 
of such oxtramo dimousioiis is, of course, also measura' 
bly true of those of inferior elevation, Tho rocont pho- 
to-spoctrograpluc work of Halo and Doslnndros suggests, 
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however, a different explanation of the faculje. Their 
Bpcctrum (as long ago frequently observed by the writer, 
n>imaUil) shows the groat 11 atid K bands of calcium 
lUvvays reversed by a tliin bright lino running down the I 
inicldlo of each ; and while the reversal directly over a j 
spot is usually single,^’ it is usually “ double in the , 
faculous region surrounding it — ^i, c., the bright Hue is ; 
itself double, as in Tig. 73, page 231. 

This makes it more or less probable that the faculm, 
insload of being mere protrusions from the photospliere, 
arc really luminous masses of calcium vapor floating 
in tho solar atmosphere — possibly identical with the 
prominences thomsolvos. 


Fio, ai*. 
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But Uoslandros and Maunder dissent from this, and 
say that while those objects shown by the spectroscope 
avo clearly connected with the pj'ominonccsj they are 
as clearly not identical with them. 

* Buell double rcvowiil la a very common phenomenon in laborntory 
oxpoi’lmontB upon mctfilHc apeetrn. 
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Fig. 31* is ft'Oin ono uf J^rolosaor ridlo’s 
Iioliographic jiliotograplis, inndu hy tho ii]>])(irafcvirt 
scribed in Oliap. VI, page 233. 

Tlio faenlso arc fonud to some extent over tho ^vllok> 
Burfaeo of tlio .sun, though oidj' sparingly in the jiolfU' i‘<'' 
gions, but they arc especially abundant in the 
noigliborhood of siiots, as Fig. 30 well shows. Thoi'O iH*<b 
liowover, niunorous faouljc without neighboring sjjota. 

E.KCcpt neai‘ the spots, tlie facnlso eliange form, ftud 
plneo, for the moat part, rather slowly, persistin^^ sonio* 
times for scvoi'al days without any very apparent iiltnr- 
ation. Still, close observation and micromotric moafiitU'o 
mont will always detect some movoinont or dofor illa- 
tion, even witliin an interval of only an hour or t^^'0 
and near the spots the changes are often so rai>icl imd 
extreme as to puzzle even a skilled dranglitBinan to 
keeiJ up with them. 

Tin's, of course, shows that the fncnlm are not to bo 
idcntiiied with moniitahis; they are not jiorinanoiifc ami 
stahloj nor is the surface of the sun continental or oao- 
nnic oven, but oitlier a sheet of flame or of cloud a'olJing 
and tossing, and never at rest. When wo come to study 
the minute details of the granulation, wo iiud inovo- 
nients at the rate of a thousand miles an hour to l>o tlio 
rule rather than the exception. 

And, although this is not the proper place to treat 
the sulijcct at length, wo may add that all wo can loam 
ns to the temporaturo and constitnlion of die sun miiltoa 
it hardly less than certain that the visible surface, vvliinh 
is callocl the photosphere, is just a sheet of solf-hiiriiitoua 
cloud I precisely like the clouds of our own iitmosplioi'e, 
with tlie exception that the droplets of water vvliioli 
constitute terrestrial clouds are replaced on the buji by 
di'ojrs of molten metal, and that the solar ntmosplioro iu 
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wliitili they float is the flame of a burning, fiery furnace, 
raging with a fury and an intensity beyond all human 
conception. Looking at it ninoty-three million miles 
away, wo fail at flrst to see, in such objects as faculro and 
granules, the evidence of such commotion ; but, when 
we convert our inicrometric incasurements of barely 
perceptible clianges into miles and velocities, and fig- 
ure tf) ourselves the scale o£ movement, we gradually 
comprolxend ibeir meaning, and begin to understand 
wliat we are dealing with. 

A great advance in our knowledge of tbo structuro 
of tlio solar surface was gained through the photograph- 
ic work of Janssen, mentioned in a previous chapter.* 
Many of Ins pictures (in which the disk of the sun 
measuroB about eighteen inches in diameter) show the 
details of the surface nearly if not fpiite as well as any 
visual observations; mid with the advaiitugo that, while 
the observer with the eye could only command a small 
field of view, one can, on these pliotographic plates, 
command the whole at once, and catch ilie relations of. 
diltoroiit parts. On examining one of these magnifi- 
cent plates, one is at first struck with a sort of ^‘amudg- 
iness’^ (to use the expression of Mr. Huggins in do- 
scrihing thorn), which might give tho impression that 
it was not properly cleaned before coating with the 
collodion. A closer examination, however, allows that 
tho peculiarity is not in tho plate but in tho imago ; 
thoro are patches of clear definition, half an inch or so 
in diameter upon a picture of tho size numtioned, sop-^ 
imitcd by streaks and patches where everything is in- 
distinct and confused, ^ 

One might naturally attribute this to the disturbance 
of tho air in tho telescope-tube, and to clouds of vapor 
* Soo pago DSl. 
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vising from the damp collodion surfaeo wlion struck hy 
the ilasli of Bunlight during its cxi)osuro ; but Janssen 
1ms found that pictures takon iii immediate succession 
show the same ^^.smiidgos*\oii the same parts of the 
sun, which, of course, would not happen if they wore 
the result of accidental curronts of air or vapor in the 
tploscope-tubo. He infers, therefore, that the phononie- 

is solar, and has given it the name of the Heseuu 
Phoios'pheriquey or ^^^hqtosphenc..Eeticula^^^ since 
|po streaks and patches of indistinctness cover the sur** 
j face like a net. 

' Tlie diseovory of this feature in the striictiire of the 
solar surface is among tlic most intoresting and im- 
, portant results of astronomical photogra]ihy. 

While pictures taken in immediate succession ex- 
hibit the same details of reticulation, those takon at 
iiitciTals of an hour or two show groat changes, es- 
pecially near spots and facute. Wo present on the 
opposite page a pair of such photographs, borrowed 
from the Annnairo ” of the Bureau of Longitudes for 
1879* The original jiictnres Avcrc taken by Janssen, at 
Meiidon, on June 1, 1878, with an interval of fifty min- 
utes between them. They show clearly the peculiar 
characteristics of the reseau phoiosphenquey as well as 
the nature and extent of the changes which occur in so 
short a time, Oomparo, especially, the gramilation in 
tlio lower right-hand corner of each picture, and imme- 
diately around the upper spot, romomboring all the 
while that the scale of the picture is about forty-six 
thousand miles to the inch, and that the little spot at 
the top of the figure is nearly seven thousand miles in 
diameter* 

The idea of Janssen is that the regions of indis- 
tinctness are those whore wo look down upon the sur^ 
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face through a portion of tlic sun’s atmosphere which 
is at tiic nioiuont ospeeinlly agitated, while the parts 
whore the details of the granulation are clear and well 
defined are those which, at the moment, are covoi’cd 
by an atmosphere unusually quiet and homogeneous. 
These regions are continunlly intei’changing with each 
other, just as areas of stown and fine weather sweep over 
the surface of the earth, but with inconceivably greater 
swiftness. 

It is not, however, certain that the disturbed por- 
tions of the solar atmosphere, which produce the in. 
distinctness in question, lie near the sun’s surface. It 
may be that they are high up, and it would not be an un- 
reasonable conjecture to suppose that the streamers and 
luminous masses of the corona may bo concerned in the 
phenomenon ; it is almost certain that any great aggrega- 
tion of chromospheric matter would modify the appear- 
ance of whatever might bo situated beneath it. The 
simple fact is, of course, that we are looking down upon 
the granules and other features of the sun’s surface, not 
through an atmosphere shallow, cool, and quiet like the 
earth’s, but through an envelope of matter, partly gaso- 
ous and partly, perhaps, pulverulent or sraokc-like, many . 
thousand miles in depth, and ahvays most profoundly \ 
and violently agitated. 

But, if there happens to ho a well-formed group of 
spots upon the solar surfaeo, they will bo sure to claim 
the attention of one who, for the fli'st time, looks at the 
sun through the teloscopo, quite to tho exclusion of 
everything else. The umbTO, ■with its central nncloi, 
and overlying hridgos, veils, and clouds ; tho penumbra, 
with its delicate structure of filaments and plumes ; tho 
surrounding facxil© and tho agitated surface of tho pho- 
tosphere ill the whole neighborhood of tho distui'banco ; 
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above all, tlio continual cluingc and progress of jilit:?- 
nonxena' — combine to inako a line sun-spot one of tlio 
most beautiful and intensely interesting of teloscopxic-'* 
objects* 

Evou before the days of telescopes thorc are nunioi'’- 
ous records of dark spots seen by the naked eye 
the disk of the suii, especially in the annals of tlie (Jlii-- 
nese. In the year 807 a, n*, a large spot was visible 
Europe for some eight days, axid was supposed by ms my 
to be the planet Morcxiry, as was the case with a npoi. 
obsorvod by Kepler in 1009 ; indeed, in all eases wliert.* 
such appearances were noted, they wore iimiviably 
evibed to bodies intervening betwoou the earth and tlitJ 
Bum The idea of such imperfections ui)ou the dinlv of 
a colcBtial body was utterly repugnant to the thcob 
cal philosopliy of the middle ages, and was admit to cl 
only slowly and grudgingly even after the demon Ht ra- 
tion of the fact was complete. 

In 1010 and 1611 tlic discovery sooms to have btuiiv 
made independently by Fabriems, Sclieinor, and (Sivli-* 
leo — Fabricins, according to our inodeni rules of soioii- 
tiiie priority, being entitled to the credit as tbo llmt. t:t> 
publish the fact in a work, Do Maemlis in Solo Ohnor- 
vatis,’’ which appeared at Wittonl)erg in Juno, 1(11. 1. 
The discovery was, of course, a necessary corollary tti 
the invention of the telescope, which first came into iinti 
in Holland in 1008 or 1009. Fabrieius^s first obrtorva“' 
tion was made in Dcccmbor, 1010. Galileo, in a loUrttr 
responding to tho account of Schoiuorift diRcovciy, aticl 
published early in 1612, claiins to liavo soon iho huh- 
spots with his nowly-constructod toloHCopo as early tin 
October, 1610* Sehoincr appears to have first seen hu li- 
sp ots at Ingolstadt in Kavch, 1611; but his occloHJaHti- 
cal superior warned him against believing his own oyoft 
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in opposition to the authority of Aristotle, and it was 
not until Novoinbor and December tliat be published 
an account of the matter in three letters to one W elser, 
a burgomaster of Augsburg, some months after the work 
of Fabricius had been printed. There is no reason 
whatever to doubt the word of G-alileo, and his experi- 
ence in losing the credit of this discovery, in conse- 
quence of his slowness of publication, seems to have 
been the origin of his curious method of publishing his 
siibscquont discoveries in the form of anagrams, the in- 
terpretation of which was withhold for a time. 

At the very outset of his observations, Fabricius, as 
well as Galileo, recognized that the spots are objects 
irpon the surface of the sun, and that tliis body rotates 
on its axis, carrying them with it. Scheiner at first 
maintained that they were planets moving very near 
the sun, but not in contact with it. Many shared this 
opinion, and Tardd, a French astronomer, went so far 
as to name them the Bourbonian stam, in honor of the 
Bourbon dynasty. Scheinor’s further observations soon 
convinced him, however, of the correctness of Galileo’s 
opinion and arguments. Some twenty yearn later 
Scheiner published an enormous volume, the “Kosa 
Ursina,” containing an account of his observations and 
apparatus. His telescope was mounted equatorially, and 
arranged to throw the sun’s imago upon a screen in pre- 
cisely the manner employed by some of tbe best mod- 
ern observers. Ho determined the time of the sun’s 
rotation and the position of his equator with a very 
creditable degree of accuracy. 

Since then observations upon these objects have 
been more or loss kept up all the time, but' not witli 
any regular assiduity until within the last thirty year's, 
It was soon found that they am only transitory and 



116 


THR sra. 


clo“iid“liko in thoir nature, and intcrcBt in them tl^ioro- 
fore flagged, until tlioir relations to the eonstitution of 
the sun began to l)o recognii^ed. 

f A 'svoll-formed Bolar spot consists, gonorally spoalc- 
ing, of two i)ortions~a very dark, irregular, central 
portion called the umbra, BuiToundod by a shado 
fringe called the pouuiubra, loss dark, and for the niont 
I part made up of -lilainouts directed radially iinvard. 
The appear^inco of things, under ordinary cirounislaiic't’H 
of seeing, is as if the umbra were a hole, and tlui |>t?- 
numbral fllamonts overlmng and jiartly sliaded it i'vom 
, owv view, like bushes at tlio month of a cavern. I nay 
as and very possibly this is the actual case, the enn- 
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ti’al portion being a real cavity filled with loss luniinoim 
mafctor, and doprossed Iiclow the general level of lliti 
piiotoBpherc, wliilo ihoponnmbva overhange tlio od^o. 

The flgnro, copied from Hccchi, is a fnir ropvOHcm- 
tatioo of euch a spot, and may bo coiniparod with Uio 
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pliotographs of iTanssoi), wliich exhibit pretty miicli the 
eamo peculiarities, though with less of uiiuatG cletaih 
The drawings of Nusniylli and Langley’^ show so much 
more of the detail than is ordinarily seen, that they are 
really loss satisfactory representations of what one may 
expect wlion he observes a spot for the first time. Sev- 
eral ])oints at once strike the attention. In tlie first 
]>laec, tlie nearly circular form of the spot, which is the 
ordinary form during the middle life of one of tlieso 
objects. While forming, and when on the point of dis- 
appearing, it is usually imndi inoro irregular. It is to 
bo noticed also that there is nothing like a gradual 
shading off, either between the umbra and the penum- 
bra or between the penuml)ra and the surrounding por- 
tions of the photosphere ; on the contrary, the lino of 
separation is strongly marked in each case, the penum- 
bra being much brighter at the inner edge, and darker 
at tlic outer, so that it contrasts distinctly both with the 
umbra and with tlio neighboring surfaco of the sun. 
Tl\ia brightness of the inner penumbra scoms to bo due 
to the crowding together of the ponuml)ral filaments 
whore they overhang the nmbra. Again, it is observ- 
able that there is a general antithesis between the irreg- 
ularities of the contour of the outer and inner edges of 
the penumbra. For tlie most part, wlioro an angle of 
the pcnumbral matter crowds in upon the umbra, it is 
matched by a corresponding outward extension into the 
pliotosphorc, and vice mrsa. It is noticeablo also that 
many of tlie ponnmbral filaments are terminated by 
little dotaohed grains of luminous matter, and there are 
also fainter veils of a suhstanco less brilliant, but somo- 
timoB roso-Golorod, which scom to float above the um- 
bra. Otherwise tlie umbra in ihc figure appears to be 
* Boo frontlapieco, and pngo 104. 
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nnifoniily dark ;* Imt, if wo had boon actually obsorvin./? 
the object on the ICtb of July, 1866, when tbia piot- 
ure was made, we should have found even the uinlji’it 
full of detail — made up of cloudy masses of a brilliaii<*'Ci 
really intense, and dark only by contrast with the Bfcill 
iutensei' brightness of the solar surface, as becomes Jti>' 
parent when the light from other portions is oxclmlcs*!. 
Probably wo shoukl have been able also to dotescit 
amoi^g tlioBc clouds one or more of the minute cireirlm* 
spots, fimt discovered by Dawes, much darker than fclio 
rest of the umbra,' and looking like the mouths of tulii»- 
lar orifices penetrating to unknown depths. 

If we were able to continue our watch for soiiio 
time, wo should see the details continually changlii/^. 
Tlio faint veils of overlying cirrus would probably irvol b 
away, and be replaced by others in some different X'x*" 
sition ; the bright granules at the tips of the 
filaments would seem to sink and dissolve, and f i*oh1i 
portions would bresilc off to rojdaeo them. Wo slioviltl 
find a continual indraught of tho luminous matter o vor 
the whole extent of tho iieinunhra. Almost cortiviiily 
the spot would change its form and size, quite poraop- 
tibly from day to day, and sometimes even from liotii' 
to hour. Of courec, wo should find it steadily moviiipf 
over tho solar disk from tho cast toward the west, ninl 
ns it neared the edge it would bocomo apparently ol li p- 

^‘Tlio uinbm appoara not blftclf, but oC a (loop purpliali lint. Xi I ft 
quuslioimbloj bowovci-, wiiother Uils color la real, or only dno to tho 
omlnry Rpcctnun of tho toloscopo objccl-glaBa, Tlio principal ronacm tar 
tiiispocliiig tills to bo tbo caao la In tlio fact that, during a trunfilt of 
Moron ry or Vonus, tlio planet’s disk la found to proaont prcolacly tlio 
sfimo tint, while thovo Is' no Iniagluablo exphmatlon for Ha really belli 
anything but bliiok, It is certain, too, on optical groimda, tluvL any 
ortlhmvy objcot-glass must show a purpHali fringe oxtondlng Inward over 
any darlt spot upon n white background. 
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tical in form ; the poniimlmi on tlio edge of tlio spot 
nearest the center of the Bun would grow narrower 
aud, perhaps, disappear entirely, and at last the spot, 
iiX'Jpearhig like a more lino of darkness, but probably 
aGciompauied by an attendant crowd of facultn, would 
pupB out of fiight beliiiid the limb, x^erhaps to reappear 
again after a fortniglit at the oastoru edge. I say 
luips, beeauBo, quite as often as not, tliese sliortdivod 
objects are seen bub once, not brnting through even a 
single revolution of the sum 

The average life of a sun-spot may be taken m two 
or three montlis; Urn longest yet on record is that of 
ii spot observed in 18K) and 18+1, which lasted eigli- 
toon months. There arc cases, liowever, whore the clia- 
apx^^i^ii‘RDce of a spot is very soon followed by the ap- 
p<iaran(!o of another at the same x^oint, and soiuotinics 
this altoniato disax)pcaranco and reappearance is fiovcml 
limes repeated. ‘While some spots are thus long-lived, 
others, however, endure only for a day or two, and 
.Bomotimes only for a few lionra. 

The spots usually apj^eav not singly, but in groups— 
at least, isolated spots of any size are less common than 
groui>Ri Very often a large spot is followed upon the 
eastern side by a train of smaller ones ; many of whioh, 
in such a cafie, arc axt)t to bo very imperfect in strncturo, 
Bometiiues Rbowing no umbra at all, often having a po- 
numbrn only upon one side, and usually irregular in 
form. It is noticeable, also, that in such cases, wlion 
any eonsidorablo change of form or structure shows 
itself in the principal spot of a group, it seems to rush 
forward (westward) upon the Bolar surface, leaving iIb 
attendants trailing behind, Wlieu a largo spot divides 
into two or more, as often happens, the parts usually 
scorn to repel oaoli other and lly asunder with great 
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velocity — groat, that is, if reckoned in miles per hour, 
though, of course, to a telescopic observer the motion 
is very slow, since one can only barely see upon tho 
sun's surface a change of place amounting io two Imu- 
tlrecl miles, oven with a very high magnifying power. 
Velocities of three or four hundred miles an hour are 
usual, and velocities of one thousand miles, and oven 
more, arc by no moans oxecptional. 

At times, though very rarely, a dilforent phenome- 
non of the most surprising and startling character ap- 
])enrs in connection with these objects : patches of in- 
tense brightness suddenly break out, remaining visible 
for a few minutes, moving, while they last, with veloci- 
ties as great as one hundred miles a second. 

One of those events has become classical. It oc- 
curred on tlie forenoon (Groonwich time) of Septem- 
ber 1, 1859, and was independently witnessed by two 
well-known and reliable observers, Mr. Oarrington and 
Mr, Ilodgfloii, whoso accounts of tho matter may bo 
found in tho monthly notices of tho Eoyal Astronomi- 
cal Society for November, 1869. Mr. Oarrington at 
the time was making his usual daily observation upon 
tho position, configuration, and size of tho spots by 
means of an imago of tho solar disk upon a screen, 
being then engaged upon that eight years' series of 
observations which lies at tlic foundation of so much 
of our present solar science. Mr. Hodgson, at a dis- 
tance of many miles, was at tho same time sketching 
details of sun-spot structure by means of a solar oyo- 
picco and shade-glass.^ They simultaneously saw two 
luminous objects, sliapim'somcthing like two now moons, 
each about eight thousand miles in length and two thou- 
sand wide, at a distance of some twelve thousand miles 
from each other. Those burnt suddenly into sight at 
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the edge of a great suiLsiiot, with a dazzling brightness 
at least live or six times that of the neighboring por- 
tions of the photosphere, and moved eastward over the 
spot in parallel lines, growing smaller and fainter, until 
ill about live minutes they disappeared, after traversing 
a course of nearly fcliirty-six thousand miles, Their pas- 
sage did not seem in any way to change the configura- 
tion of the spot over whicli they passed, Mr. Carring- 
ton found his drawing, which was completed jnst before 
tliey appeared, still quite correct after they had vanishedlj 
Of course, it is possible to (picstion the connection be- 
tween this phenomenon and the spot near which it a])- 
pcared ; but, as somewhat similar appearances have been 
seen by otlier observers since then, and always in the 
neighborhood of spots, it is probable that there is some 
relation in the case. Opinions have dilfcred widely as 
to the explanation. Some have maintained that the 
phonomonon was simply duo to the fall of a couple of 
immense moteors into the sun’s atmosphere, others that 
it was caused by some sudden and powerful eruption 
from beneath, such as the spectroscope often reveals to 
us nowadays; an eruption, however, of most unusual 
bi‘illianco and violence, for not one of the outbursts since 
then observed by the spectroscope has ever been visible 
without its aid. 

The event occurred in the midst of a remarkable 
magnelic storm : from August 28tb to Sejitember T-tli 
there were auroras every night all over the world, and 
tlio earth currents were oXtojii so strong as greatly 
to interfovo with tolograpbic communication. On tlio 
night of Soptonibor Jst, however, as Mr. Ellis has lately 
shown from the original records, the magnetic d is turb- 
an co was not specially intense, so that the occurrence 
obsorvod by Carrington and Hodgson could not have 
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boon tlie causG of the mugnetic storm — more likoly it 
^vas a coiieeciueiice, if tliorc was any eoniioetion, 

f There is no regular proeoas for tlie rormation of a 
spotV* Sometimes it is gradual, requiring days or ovoii 
weeks for ifcs full clcvolopnienl:, and sometiines a 
day suffices. Gonorally, fur some time heforo tho up- 
pearanco of the spot, there is an evident disLurhaiunj of 
the solar surface, manifested esp(3eial)y by Llie ]U'es(Mi<H!i 
I of numerous and brilliant faenliu,* among wltic-li, 
‘‘pores” or ininuto black dots are ecattored. 
enlarge, and between them a|)pear grayish patches, ap- 
] 3 arently caused by a dark mass lying veiled lielow o 
thin layer of hnninous filaments. iMie veil grows gra< U 
iially thinner, and vanislios, giving ub at last tho ctini. 
pleted spot with its perfect penumbra. The ‘‘ porow/^ 
Bomo of them, coalesce with the principal spot, soinu 
disappear, and others constitute the atlondanfc train. 
"VVliou tho spot ii once completely formed, it assnnum 
usually an approximately circular form, and i^ouiaiiiH 
without striking change until its dissolution, As its 
cud approaclies, tlic Burrouuding photospliore sceirm to 
crowd in upon and cover and ovorwhehn the peunniluni. 
bridges of light, often many times l)riglitcr than (:1 ki 
avorngo of tho solai’ Burfnee, push a(irosB the ninhva, tliu 
arrangement of the penumbra iilaments becomes eon- 
fused, and, as Socchi expresses it, the luminous matter 
of the photosphere seems tQjtnmblo jiplhmcl] Jnto._ tUo 
which disappears and loavoB a diatnrhod siirfiKso 
marked with faculro, whicli in tlioir turn subside iiftor a 
time. As intimated before, however, the disturbanco in 
not unfroqnoutly renewed at tho same point after 1v few 
clays, and a fresh spot appears just wlioro the old ouo 
was overwhelmed, j 

^ This ts Secohrs vlow. Lookyei' umlntnlnB llmt Lho spots appear bo^ 
foro the fftculm. 
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Wo transoi'ibo from a paper by the Into Dr. PetorB, 
of Hamilton Oollcffo, a very grapliie aceoiiiit of tho ap- 
po'araneo and decay of certain smi-s])ols, based upon liifi 
observations at Naples in 1845-’'l(i. It is pi'inted in 
Volume IX of tho “ Procccding.s of tho Amoriean Ab- 
Booiation for tho Advancemont of Seionoc.” lie says: 

I “TIio apotfl nriso from innonsiblo pointHj ho timt tlio cxiiofc 
moinoiit of tliolr origin can not bo Rtiilod; Imi tlioy grow very 
rapidly in tlio beginning, ami almost always in less tluai a day 
they arrive at thoir maxinuun of size, Tlion they nro stationary, 
I would sa) In Ibo vigorous opooh of tiioir life, with a welhileflneil 
penumbra of regular and rather siinplo Hlinpe, Bo tlioy Biistuiii 
thonisolvos for Ion, Iwonly, and sumo oven for fifty days, Then 
tho notches in tho margin, wliich, with a high magnifying power, 
always ap])oar somewhat serrate, grow deeper, to snoli a degree 
that the poiuimhrn in some parts boeoinos interrupted by str night 
and narrow luminous tracks — already the period of (lociidonee is 
appronohing. This begins with the following highly iiilerosting 
plieuomonon : Two of the notohes from opposite eidon step for- 
ward into the area, ovor-rooflng oven a part of tho nuohmB; and 
suddenly from thoir prominent poinla flashes go out, meeting 
oaoh other on their way, hanging together for a nioinont, then 
breaking off and receding to fcbelr points of starting. Soon this 
olootrio play begins anev/ and conlinnos for a few iiuniitos, ending 
finally with the connootion of tho two notohes, thius eBtahlinhing a 
bridge, and dividing the spot in two parts, Only once I iiad tbo 
fortune to witness tho ooouiTonoo between A advanced points. 
Hero, from the point A a Hash proceeded toward H, which sent 
forth a ray to moot the former when this had arrived vory near. 
Soon this seemed saturatod, and was suddenly rcpotlml ; however, 
it did not retire, but bent* with a sudden swing toward O; tben 
again, in the same manner, as by repul sum and attrnetion, it re- 
turned to B ; and, after having tlnis oscillated for sovoral times, A 
adhered at last pormn'iontly t*' B, Tho flashes proceeded with 
groat speed, but not so that tho eye might not follow^ them dis- 
tlnotly. By an estimation of time and tho known dimonsion of 
space traversed, at least au under limit of tho velocity may bo 
tbund \ thus, I oomputo this voloolty to ho not loss than two hun- 
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clrod millions of motroa (or ahont ono liiindrod and twenty thmi- 
annd miles) in a second (sio). 

*‘Tl]o process described is accomplished in the higlior photo> 
sphere^ and scorns not to alYoct nt all the lower or dark atmos- 
phere, With it n second, or rather a third, period in the spot^s 
life has boi^uii, that of clisaohition, wliioh lasts somotiinos for ton 
or twonty days, during which time the corapoiients are again sub- 
divided, while tho other jiarts of the luminous margin, too, are 
pressing, diminishing, and finally overcasting the whole, thus end- 
ing tlio ephemeral existence of tho spot 

“Ilatbor a good ohanco is required for observing tho romnrk- 
ablo phenoinonon which introduces tho covering process, since it 
is achieved in a few minutes, and it demands, moreover, a per- 
fectly calm at mo sphere, in order not to bo confounded with a 
kind of scintillation wliich is porooivod very often in tho spots, 
especially with fatigued eyes. Tho observer ought to watch for 
it under otherwise favorable oireuinsinncos when a largo and ten- 
or twonty-days’-old spot begins to show strong indentations on 
tho margin.” 

Dr, Peters, so far as wo know, is tho only obfiorvor 
who describes the remarkable phonomonon oS JI.as/ies 
extending across an ninbra witli electrical velocity ; aiul 
for this reason, and becanso his instriiniont was not of 
the Ingliest power — a thrcc-aud-a-lialf-ineh refractor — 
porliaps liis account must bo received with a little re- 
serve until further conJirined, At tho same time, there 
is nothing in the nature of tlio suu, or of a sun-spot, so 
far as at present known, to make tho statement in itself 
impossible ; and certainly Dr. Peters holds deservedly 
a very high rank among astronomers for acutonoss and 
accuracy of observation and description. 

It must not bo understood tlmt tho life-history of a 
spot, just skotchod, applies to all, or oven with exact- 
ness to a majority, of them. Almost every ono has its 
own idiosynorasioB, departing in some respect or other 
from tho visual course of things. Spots of unusual mag" 



SUN-SPOTS AND THE SOLAR SURFACE. 


126 


nitude and activity often scorn to have no quiet middle 
life ; there is no time in their history when they are not 
doing something or other surprising, and more or loss 
unprecedented. 

We have spoken of the filaments which compose - 
the penumbra as directed inward toward the center of 
the spot. This is the general rule, but the exceptions 
are numerous, and nothing can show better than Pro- 
fessor Langley’s exquisite drawing how wide the di- 
vergoneo often is from this law. While at the left- 
hand and upper portions of the great spot (which, 
though typical,’’ is not a specimen of a quiescent spot) 
the filaments present the ordinary appearance, at the 
lower edge and upon the great overhanging branch 
they are arranged very difierently. Very curious, and 
also, though we have ourselves seen a similar thing 
on two or three occasions, is the feathery biuish which 
reaches in below the “ branch,” so closely resembling a 
frost-crystal upon the window-pane in a winter’s morn- 
ing. What may bo the cause of such formations it is 
now quite impossible to say. Probably analogies drawn 
from our terrestrial clouds will go further toward an 
explanation than any others yet proposed. 

Usually the penumbral filaments are brightest at the 
inner end where they apparently project over the um- 
bra, and under ordinary circumstances of vision the end 
a])pears blunt and even club-sliaped. 

With the great twonty-three-incli telescope at Prince- 
ton, and on a few occasions, when the seeing has been 
fine enough to permit the use of powers of from six hun- 
dred and upward, the writer has found that, in many 
cases at least, the apparently club-like, almost bulbous, 
ends of the penumbral filaments are really fine, sharp- 
pointed hooks, reminding one of the curling tips of 
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Iliiiuos, or gmss‘l)la(lcs bomling over. Ordinnrily they 
are scon as cilub-liko, simjily beeanse of their brightness 
and tlio irradiation and diiiractioii offeets of inoderate- 
t>izod object-glasses. 

Not iinfreqiiontly tho pcnnmbral lilamonts aro curved 
and s])irally arranged, showing a marked cj^clonic notion. 
In such cases the whole spot iisntilly turns slowly around, 
Konictiines completing an entire revolution in a few days, 
Afore frequently, however, tho spiral motion persists 
but a short tinio, and occasionally, after continuing for 
a wliilo in one direction, the motion is reversed, Vei'y 
often, in spots of considerable extent, tliero arc opposite 
spiral movements in dilTeront portions of tlio umbra; 
indeed, this is rather the rule than tho exception. Neigh- 
boring spots show no tciuloncy to rotate in tho same 
direction, Tho number of spots in whicli a decided 
Gyclonic motion appears is relatively rpiito small, not 
exceeding, according to tho observations of Carrington 
and Sccclii, more than two or tlirco por cent, of the 
whole, Of course, these facts aro snflicicut to show 
that this kind of motion, when it occurs, is not attribut- 
able to anything like that action of tho terrestrial atmos- 
phere dotormincs tho right- and left-handed 

rotation of oiir groat storma In tho sontliorn and northorn 
lieinifipliorcs, It is probably cansocl in sun-epots by 
ineroly accidental circumBtaneoa wliicli convert tho po- 
iinmbrnl indraught into a wliirl of no great ra]}idity or 
certain direction. It does not soom possible to And in 
this occasional cyclonic motion, as Fayo attempts to do, 
tbo key and expkimtion of the wliolo series of sun-spot 
plicnomona. 

Tho dimensions of sun-spots aro somotimos onor- 
mous. Afany groups have been observed covering 
ai'oas of moro than one liundrod thousand miles square, 
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and Ringle spots liavo been known to uieaHuro forty or 
fifty thoiisancl miles in diameter, the central umbra 
alone being twenty-fivo or thirty thousand miles across, 
A spot, however, measuring tliirty thousand miles over 
all, would bo considered large rather than small. 

An object of this size upon the sun^s surface can 
easily bo soon without a telesco])e wlion the brightness 
is reduced either by clouds, or nearness to the liorizon, 
or by the uso of a sliado-glass. At the ti'ansit of Venus, 
in 1882, every one saw tlio planet I’eadily without tele- 
scojnc aid. Her apparent diameter was about 07'^' at 
the time, wliich is equivalent to about tliirty one tliou- 
satid miles on tlie solar surface, Probably a very keen 
oyo would detect a spot measuring not more than twenty- 
Uirco or twenty-four thousand miles. 

Hardly a year passes, at times wlicn spots are ntimor- 
>us, without furnishing several as large as this ; so that 
it is rather surprising than otlierwiso that we have not 
a greater number of sun-spot records in the pro tele- 
scopic eonturios, The explanation probably lies in two 
things: the suii is too bright to be often or easily looked 
at, and when spots wore scon they would be likely to 
bo taken for optical illusions ratlior than realities. 

During tho years 1871 and 1872 spots were visible 
to the naked eye for a considerable portion of tlic time. 
On several occasions pupils of the writer liave noticed 
thorn of their own accord, without having had their at- 
tention previously directed to the matter, 

Tho largest spot yet recorded was observed in 1868, 
A It had a liroadth of more than one hundred and forty- 
tlireo, thousand miles, or nearly eighteen times the diam- 
eter of tlio earth, and covered about one tliirty-sixtli of 
iho whole surface of the sun. Other very largo ones 
appeared in 1892 and 1893. 
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Fig, 33, taken by the piiblislicr’s iDonnissioii from 
Flammai'ion’s Popular Astronomy, represents a very 
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large and interesting spot which appeared in October, 
1883. It is from the drawings of Taccluni, Bpet- 
troB. Ital., Vol XIII. 

NATURIS OB' Tine SPOTS. 

It has been intimated that the spots are 
\ bolia:k!iUJig g oimral level of tlio solar Burfaco. For more 
than a century tills has been the aeeoptod doctrine, and 
it is probably correct ; at the same time it can hardly bo 
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regarded aa absolutely settled, since it lias been called in 
question recently by high autlioritios, and is still de- 
bated. In .Dccoiuber, 18!)!, Mr. Ilowlott, wbo has been, 
for more than thirty years a persistent observer of the 
sun, presented to tho Royal Astronomical Society all 
his sun-spot drawings, several thousand in niiinbor, and 
covering tho whole period from 1859 to 1893, lie took 
the opportunity to express very strongly his opinion 
that tho facts are against tho theory that the spots aro 
“hollows” as usually snjiposed, and was snjiportcd in 
his view by a number of %ood observers, who made it 
clear that if the Bjiots aro really depressed at all, they 
must be very shallow oompared with their diameter. 

Tho idea was iirst clearly brought out by Dr. Wil- 
son, of Glasgow, in 1709, and his demonstration was 
based upon tho behavior of the penumbra of a spot 
which ho observed in November of that year, He 
found tliat, when tlic spot appeared at the eastern limb 
or edgo of tlio 8im, just moving into sight, tho pomnn- 
i)ra was well marked on the side of tho spot nearest to 
tlio edge of tho disk, while on tho other odgo of the 
spot, that next the centor, thoro was no penumbra vis- 
ible at all, and tho umbra itself was almost hidden, as 
if boiiind a bank, Wiien tbo spot had moved a day’s 
journey farther inward toward tho center of tho disk, 
tho whole of tho uinhra came into sight, and tho po- 
mnnbrn on the inner edge of the spot began to ho visible 
as a narrow lino. After tlio spot was well advanced 
upon tho disk, tlio penumbra was of tho same width all 
around tho spot; but, when tho spot approached tho 
sun’s WGstoru limb, tlio same plioiiomona wore repeated 
as at tho eastern— that is, tho penumbra on tlio mnei 
odgo of tho spot narrowed much fastor than that on 
the outer, disaiipcarod ontii'oly, and finally seemed to 
10 
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hide from sight much of the umbra, nearly a whole (.lay 
before the spot passed from view around the limlj. Of 
course, it is hardly necessary to point out what the 
ure at onco mates evident, that this is precisely the way 
things would go if the spot were a saiicor-sliaped do- 
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pression in the sun’s surface, the bottom of the sauecr 
corresponding to tlio umbra, and the sloping sides t( i 
the ponuinbra. 

The observation of a single spot would hav^Uy 
settle the question, because wo froquontly have spntB 
with a one-aicled penumbra. In fact, when spots nro 
either in the process of formation or of dissolution 
tlio penumbra is seldom of uniform widtli all around ► 
Do Xadiue, Stewart, and Doewy made,, thcroforo, soino 
years ago, a careful discussion of something more tlmii 
six hundred cases of spots, with moasurablo penmu- 
broo, and found that, in a little over Bovontydivo pur 
cent, of all the cases, the ponumbra was widest on tho 
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edge of the spot nearest the liinbj as Wilsun^s theory 
requires; in a little more than twelve per cent, there 
was no noticeable difference; and in the reuuiining 
twelve per cent, it was widest on the inner edge. 
Father Sidgreaves, on the other hand, in following ii]) 
the discussion raised by Mr. Hewlett, gets an o])posing 
verdict from the Stonyliurst sun-spot drawings. Out of 
one hundred and eighty-seven sketches, which ho se- 
lected as fair tests of the Wilsonian theory, only forty- 
seven favored it, and one hundred and forty were 
opposed. But wo suppose lie has included as oj)pused 
all that did not distinctly indicate depression, 

Others, Sccchi especially, have investigated the mat- 
ter by carefully measuring, from day to day, the position 
on the sun^s disk of some selected point in tlio umbra of 
a spot. The work is not easy, and rather unsatisfactory, 
on account of the rapid changes, which make it diflieult 
to identify the point of rcferonco in sucecssivo observa- 
tions 5 still, the result appears decisive, showing, as an 
ordinary rule, tliat what may bo called the ^‘iloor’’ ofj 
the umbra is doj^rossed from two to six thousand miles, ^ 
and sometimes more, below the general level of the 
photosphoro, But tho refraction of the solar atmos- 
phere makes tho result uncertain. ^ 

On a few occasions, when a spot of unusual size and 
depth passes over tlio limb of tho sun, a distinct depres- 
sion is observed in tlio outline. Oassini describes such 
an instance in 1719. Ilorschcl, Be La lino, Secclu, and 
others havo given us several other observations of tho 
same kind. Usually, howovor, tho faculai, which snr- 
I'ouncl tho S])Ot, mask this ofToct entirely, and often 
actually give us a number of little projecting liilloclcs 
in place of tho expected depression* 
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SPEOTRUil OF SUN-SrOTS. 

The spectrum of a eun-spot also furnishes an argu- 
ment in the same direction, tending to show that tlio 
, dark portion is a cavity filled with gases and vaporfl> 

( which produce the obscuration, in part, at least, by ab- 
sorbing the light emitted from tlie floox* of the doprcfl- 
sion. It is not difficult to set the instrument in Biich a 
manner that tlu^image of a sun-sj^ot shall fall precisely 
upon the slit of the spectroscope. In this case the spec- 
trum will be seen to be traversed by a longitudinal dark 
strii^e, which is the spectrum of the umbra of the spot : 
on each side is tlie spectrum of the penumbra, which ie 
usually only a trifle fainter than that of the general sur- 
face of the sun. The width of the stripe, of courso^ de- 
pends upon the diameter of the spot. Along the whole 
length of the spot-spectrum the background is darkened, 
allowing a general absorption; and in the upper part oE 
the spectrum, from F to II, this seems to bo pretty 
much all that can be noticed. The middlo portion oE 
^tlie spectrum, however, under extremely high dispersion 
*i8 different in this respect, as was discovered by tho 
^ writer in 1883, and has since been abundantly conflrmod 
by Dun6r and others. In many spots, especially largo 
^ ones that are nearly circular and quiescent with a very 
dark nucleus, the spectrum of tho nucleus botwcon IS 
and F is not continuous, but is made up of countlofla 
fine, dark lines, for the most part touching or sliglitly 
overlapping, leaving here and there, however, iiiioccu*^ 
pied intervals which look like (and may be) bright linoB* 
Each dark line is spindle-shaped— i, e., thicker in tlio 
middle whore the spectrum is darkest, and tapers to a 
fine, faint, hair-liko mark at each end ; most of thoiu 
can be traced across tlie penumbra-spectrum, and ovou 
out upon the general surfaco of the sum Tho avor** 
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age distance bofcwoen tlio linos is about half that Ik?- 
tween the two components of so that witliin tlio /i 
group the total number of dark lines is some 300, aii«l 
tliore are seven or eight of the briglit lines. Thin 
structure is most easily seen in the part of the spectrum 
between E and F; above F the linos are crowded 
closely that it is diflicult to resolve them, and below E 
tho}^ appear to grow wider, more diffuse, and fainter. It 
seems to indicate that the principal absorption which 
darkens the center of a siin-spot is not such as would Ik? 
caused by minute solid or liquid particles — ^by smoke or 
cloud — wliioh would give a continuous spectrum ; but it 
is a true gasooua absorption, producing a veritable dark- 
line speetrum, in which tho lines are countless and con- 
tiguous. 

In tho lower part of tho spectrum, especially between 
0 and D, the spobsjieetrnm is full of interesting details 
and peculiarities, which deserve a far more thorough 
and prolonged study than they have yet received. 
Many of tho dark lines of the ordinary spectrum are 
wholly unmodifled in tlio spectrum of the spot; in fact, 
tliis Beams to bo tlie case with the majority of them. 
Otliors, however, are much widened and darkened, and 
some, which arc hardly visible at all in the ordinary 
spectriiirij arc so strong and black as to be very conspicu- 
ous: these are usually spindle-shaped, much wider in 
tho center of the nucleus than at its edges and in the 
penumbra, so tliat they are often called fish-bellies.” 
Certain other linos, which are strong in the ordinary 
Bpcctruin, tliin out and almost disa])peaiv in the spot- 
spectrum, and some arc oven reversed at times. There 
are also a number of Mff/d lines, not very brilliant, to 
be sure, but still nnmistakahlo, and there arc some dark 
shadings of peculiar appearance. 
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The anuoxed figure (Pig. 35), whioli roproaenfcB a 
small portion of the spoetruin of a spot observed by tho 
writer in 18^2, shows nearly all of these peeulim^itioH. 
The portion repi’csented lies between C and I), the 
attached being that of Kirchhofl’s map. 
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Speaking in a general way, the UnoB o£ hydrogen, 
iron, titnnium, calchiin, sodium, a)ul vanndiinn are bjx’.- 
cially affected. Tl)c hydrogen iinos are often rovorsed ; 
those of iron, titaninin, calcium, and viinadinin arc uhii- 
ally thickened, and those of sodinm are often cnornioiiHl v 
widened, and occasionally both widened and doubly 
reversed, ns shown in Fig. 80, which rcprosonlH thoir 
appearance in the spectrnin of a spot observed on Soj». 
teinbor 22, 1870. It will ho noticed that at the suiuii 
time the helium-line, D„ which usually is invisible on 
the solar surface, was cpiitc couspicuons as a dark b1uw1«. 
Oil this occasion the lines of magnesium also boluvi’isel 
in the same manner as those of sodinm. 

As has already boon mentioned (page 100), tho J i; 
and K bands arc always reversed in ()io sun-spot speH?- 
trum. ITsually, over tlio spot itself, tho reversal ih 
only “ single,” but double reversal is not very nncominoti . 
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Mn Lockyor announces, us a result of a long series of 
observations, tluit there is a striking clifferciico between 
the spot spectra at the time of maximum and miniinuni 
sun-spot frcM|uency ; the linos that arc most conspicuous 
by widening and (lurkeniiig being by no means the same 
in the two cases. TJio most remarkable cliange is in tlm 
linos of iron, wliich are usual ly conspicuous, but almost 
vanish from tlic spot-spcctriini at the sun-spot maximum, 
At times, also, the spectrum of a simt gives evidence 
of violent motion in tho overlying gases by distortion 
and clisplacomont of tho lines. When tho phenomenon 
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occurs, it is more nsimlly at points near tlie outer edge 
ot tho penumbra than over the central jiortioii of the 
spot; but, occasionally, tlio wliolo ncighlmrliood is vio- 
lently agitated. In such eases it often happens that 
linos in tlio spectrum side by side are alTecdcd in en- 
tirely dilTeront ways — one will bo greul.ly displaced, 
wliilo its neighbor is not disturbed in the least, sliowing 
that tho vapors which produce tho linos are at dilToront 
levels in tlio solar atmosphere, and do not participate 
to any groat extent in each other’s movements. 

It is an important fact tliat tho same thing is often 
truo of linos which arc ascribed to a single substance: 
of two iron linos, foi* instance, one may bo disturbed 
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and another unaffected. Mr. Lockyor Inj's great strcBH 
on thia as supporting ids dissociation liypothesis; but 
other explanations are also available, sec page 01. 

In a few instances the gaseous orupLioiis in tlici 
neighborhood of a spot are so powerful and brilliaut 
that, with the 8j)octro8copo, their forms can bo hiiuUj 
out on the background of the solar surface in the smm? 
way that the proinincnecs are seen at the edge of thu 
sun. In fact, there is probably no difference at all iti 
the phenomena, except that only prominuncoB of niont 
unusual brightness can thus bo detected on the solui' 
surface. An occurrence of this kind fell under tlui 
writer’s observation on September 28, 1870. A hirgci 
spot showed in the spectrum of its umbra all the IIjksh 
of hydrogen, magnesium, sodium, and somo others, ru- 
vorsod. Suddenly the hydrogen linos gi’ow greatly 
brighter, so that, on opening the slit of the spootroscojuj, 
two immense luminous clouds could bo made out, mui of 
them nearly 130,000 miles in length, by somo 20,000 ia 
width, the other about half as long. They Boomed to 
issue at ono extremity from two points noar the odgo 
of the penumbra of the spot A.ftor remnining visil^lo 
about twenty minutes, they faded gradually away, -vvitli*- 
out apparent motion 

In addition to spots, sncii ae wo nave boon tloiiliiijj; 
with, tliovo are occasionally seen on the aolar eurfimt! 
dark-gray patches, which 1‘rouvolot, who first oalluil 
attention to them in 1876, has named voilod spots,” * 
considering that they are essentially of the «amo natiu'o 
as other spots, but differing in this, tliut tho disturb- 
once which gonorntos thorn is not snffleiently powerful 
to reach tho surface and break entirely tlirougli thts 

* For Tmivolot*fl account of tliom, aco *‘Ainorli!(ui Journal of Hcluiu'n 
and An,’’ Karoli, 18'? 6, Third Sericfl^ vol, xl. 



SUK-SPOTS AND TITK SOLAR SURPAOJ3. 


137 


1 ^^lotospliorc. Over theao 'oeilcd spots tlio briglit gran- 
aro loss muncrous and smaller than clsewlicro, but 
^ t Lioyli nioro mobile ; sometiinesj and frequently indeed, 
toy arc overlaid by faculm. The changes of form and 
^l^poaruneo iu tlieso objects are very rapid, aflairs of a 
1 i iiute or two only, according to Troiivolot. They arc 
all over tlio solar siirfaco, not being at all eon- 
to the regions occupied by the ordinary spots, 
sometimes occurring witliiii eight or ton degrees of 
sun’s pole. They have boon little observed, how- 
'^Vor, and information respecting them is as yet very 
^^oager* 

lt<-)TATION OF SUN AN1> PlfiOPTUR MOTIONS OF SPOTS. 

AVe Imvo already montionod that the spots travel 
*t.oi'oH8 the disk of the sun, from tlio eastern edge to 
tlx 

o western, 'in such a manner as to show that they are 
^ttacilied to the surfaeo, and that the sun rotates upon 
^ axis. Tlie true period is about twonty-fivo days/^ 
tlio apparent or “synodic” period being some two days 
longer, boeauao the oartli itself is continually moving 
JPo r'^^’’ard in its orbit. 

’Wlioii wo come, however, to study the motions of 
tl lo spots more carefully, wo find that they have mo ve- 
il loiits of their own {fvopev as astronomers call 

t;l loiii), Ijotli in latitiKlc and longitiulo. so that no observa- 
tioiis of any single spot, howovov carefully condnctocl, 

^ It is i^orlmpB worth noting that, hotwoon tho flun nnd tho earth's 
tliero is nn nnquoHliouablo, though attll nnoxplalnod, oqniico- 
tloti, wliicli flhowH UboU In many wayR. Among tho iiumorous porlodlo 
vni-SiitiouH of this tungnollsm llonmtohi HndB ono with n porlod of 20'82 
Amnmmtf UiIb to bo duo to tlio sun’fl Bynodlo rotation, ho gets 
tlayfl for tho truo rotation. Vory ulmllarly Uigelow doducOB 2d ‘80. 
’V't.’rjtUir'H “luirom porlorP* days) glvoH 2d‘88— all of which may 

Ijo l.tikoa for what it la worth. 



138 


THE SUK 


oan fiirnisli an accurato determination of the position of 
tho Slinks axis and its period of rotation. This faet 
not seem to have been eomprelioncled by the early <)!>- 
servers (tlioiigii a neglected remark of ychoiner''s imli- 
cates that he liad a glimpse of the truth), and houeu wo 
have serious discordances between tlioir diilerent rownlt.S:, 
wliicli range from 26*01 days, tho result oljtained by 
Delambre in 1775, to 25*58 days, as deterniiiied by 
Cassini about a liundrod years earlier, The dilleriuiti 
values for tho inclination of the sun’s equator to llu^ 
ecliptic He between 6^^ and 7i°, and those fur tho lon- 
gitude of the node between 70° and 80°, The inonh 
reliable recent results are those of Carrington ami 
Spoerer, Tho former makes tho mean poi-iod of tliM 
sun’s rotation 26*38 days, while Spooi'or gives it tiM 
26-23, 

Tirn EQUATOUIAT, ACOELlflUAHTON, 

The researches of Carrington,*^* between 1S68 ainl 
1801, first brought out clearly tho fact that, stricdJy 
speaking, tho sun, as a whole, has no single period of 
rotation, but different portions of its surface perform 
their revolutions in different times. The equatorial riJ- 
gions not only move more rapidly in miles per hour 
than the rest of tho solar surface, but they oomjpleic tho 
entire rotation in showier time. If wo deduce tlio 
period by moans of spots near tho sun’s equator, wo 
sliall find it to bo very nearly 25 days, a trillo loss — 
according to Carrington, Spots at a solar latitude of 

*A memoir by baiiglor, prosontoil to tlio l^'onoli Aendomy In 18 IJ, 
but never published in exlemoy contnlns, according to Payo, data which 
would lend to tho samo result, Tho summary, given In tho^^OotntoH 
Uondusy fails, however, to iudicalo any approoialloii oJC tho 
variation of rotation rate from equator to polos, and in no way hivnll* 
dates Oarringtoirs claim to bo considered tho disco voror of tho law. 
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20® have, on the other hand, a period nearly 18 lioiirs 
longer ; at 30® the period rises to 2GJ days, and at 45® 
to 274 j thongli in this latitude there are so few spots 
that the dotorinination is not very reliable. Beyond 
this latitude wo liave nothing satisfactory, and it is not 
possible to detortnino, with any certainty, whether this 
retardation eontiniios to the polo or not. 

It is a curious circumstance, probably connected 
with tins reinarkable law of surface-movement, that the 
spots mostly lie between ten and thirty-five degrees 
of latitude on each side of tlio sun’s equator; and it is 
this fact which makes it difficult to ascertain the exact 
laws of the solar rotation, since our observations are 
confined to such a limited range of latitude, As yet, 
no points liavo been found near the sun’s poles perma- 
nent and dofinito enough to permit precise observations 
covering a sufilciont interval of time, 

By a discussion of all his observations, more than 
5,000 In number, of 954 dilToronl groups of spots, Mr. 
Carrington deduced the expression X :=: 866' “3 06' sin^i! 
for the daily motion of the surface of Iho sun in dif- 
ferent solar latitudes, Z representing the latitude in the 
formula, and X the daily motion in minutes of solar 
longitude. Tliis, as was said before, would make the 
rotation period of tlio sun’s equator a little loss than 
25 days. The expression, however, is purely empirical, 
and no imaginable theoretical explanation can bo given 
for the fractional exponent 

Faye, assuming on theoretical grounds that this ox- 
ponont ought to ho 2, finds from tlio same observations 
the formula X = 802'— 180' sinV/, an expression which 
agfoca witli all but a few of the observations nearly as 
woll as Oarriiigton’s, 

Spooror, from observations of his own, made be^ 
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twcon 1862 ftncl 1868, and combined with those oi! 
Soechi and others, derives the still diHorent formula, 
X = 1011' - 203' 8in(ll“ IS'+Z)- 

Tissomnd, from observations of 326 spots in ISYd- 
’Y5, doduccs the expression X = 85Y''6 ~ 16Y'‘3 sinV. 
But this is probably less reliable than either of the pre- 
ceding, being founded on a much smaller number of ob- 
servations. 

Wilsing, of Potsdam, in 1888 published a discussion . 
of several hundred faouloi shown on their photbolio- 
gmph plates, and deduced a rotation-period of 26 '23 
days ; but he found no indications of equatorial acceler- 
ation, and concluded that this peculiarity of the photo- 
sphere, where the spots have tlioir residence, does not 
extend to the region of the faculas — a very perplexing 
fact, if real. Still more recently, however, Stratonoll, of 
Pulkowa, from a discussion of their plates, finds from 
the faculro a result quite in accordance with those of 
Carrington and Spooror. 

Wo have already referred to the evidence of the 
sun’s rotation given by the sjjectroscopo (page 100), 
and have specially quoted the remarkable work of 
Dundi*. Ilis results show (wo think conclusively, 
thougli objections have been raised in certain quar- 
ters) that the region in which the dark lines of the 
Bpootruin originate share perfectly the motion of the 
photosphere. His observations, moreover, have this 
great advantage over those made on spots and faculoo, 
that they extend as far as Y6° on each side of the snn’s 
equator. The observations are very well roprosontod by 
the equation X = 81:0'— 2Y2'’4 sin”!!. This would cor- 
respond to a rotation-period of 26’68 days at the sun’s 
equator and about 8Y'6 at the polo — but the polar 
period is very uncertain. 
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While either of tlie formiilce given above agrees 
fairly with the facts obseiwed, iieittior of thorn can be 
regarded as logically established upon a sound physical 
explanation.* 

The cause of this peculiar surface-drift is not yet 
known. Sir John Herschel was disposed to attribute 
it to the impact of inetooric matter sticking tho sun’s 
surface mainly in tho neighborhood of the equator, and 
so continually accelerating its rotation, as a boy’s peg- 
top is whipped up by tho skillfully applied lash. Per- 
haps there is nothing absurd in tho idea that a sufficient 
quantity of meteoric matter may roach tho sun, or that 
tho meteors move, for the most ])art, in tho plane of 
the sun’s equator, and direct, i. c,, with and not aijedwt 
tho motion of tho planets — so that their fall would bo 
mostly confined to tho equatorial regions, and would 
thus hasten, and not retard, the surface motion, 

But thou tho duration of the sun’s rotation period 
should continually grow shorter, an oltect which docs 
not appear from a comparison of Scheinor’s results with 
those most recently obtained. Of course, it may bo 
that such an acceleration has actually occurred, only too 
small to bo yet detected ; still, it would seem probable 
that any “driving,” suffleiont to establish nearly two 
days’ diiloronco between the rotation periods at the 
equator and at latitude 40®, must have produced a very 
sonsiblo oITcct within throe hundred years. 

It is more probable that tho equatorial acceleration 
is connootod in some >vay with tho exchange of matter 
which, if tho sun is for tho most part gaseous, as now 
scorns likely, must continually bo going on between tlio 
outside and inside of tho globe. If the photosphere is 
formed of masses falling^ sneh an oilcct would bo a 
necessary consoquonco. If wo suppose that the out- 
* Soc Noto "R, wo 800. 
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rushing streams of lieated gas and vapor, as they rise, 
continue in the gaseous condition until they reach the 
summit of their ascent, and remain at this height long 
enough to acquire sensibly the rotation velocity corro- 
sponcling to their altitude, and that then the products of 
condensation, resulting from their cooling, fall down- 
ward, and tluiB falling constitute the photosphere, wo 
should have precisely tlio actual plionomouon. The ro- 
tation velocity of each visible element of the photospliero 
would bo that corresponding to a greater altitude, and 
therefore greater tlian that naturally belonging to its 
observed position, and this difference would vary from 
the equator, where it would be a inaximuni, to the poles, 
where it would vanielu 

Of course, it is not necessary to such an effect that 
Hie conditions supposed should bo rigidly complied 
with; it will suffleo to admit that in the photosjihoro 
the falling masses arc more conspicuous than those 
which are ascending or stationary, and it would scorn 
hardly possible that it should be otherwise. Whether, 
however, the effect thus produced would account in 
moasiire as well as kind for tlio observed phonomoiia, 
is a question requiring for its answer a more thorough 
mathematical investigation tlian the writer lias yet been 
able to undertake. 

If wo consider onhj the spotsy it would seem entirely 
possible that they may bo produced by matter which 
has fallen from a height of even fifteen or twenty tliou- 
sand miles, and that fall would bo quite sufllciont to ac- 
count for their wliolo acceleration. 

The fact that rapid changes in tho configuration of 
a spot are generally accompanied by an eastward rush 
of tho whole, also favors the idea that a downfall of 
something from above is concornod in, tho matter. 
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If WO rightly understand tho matter, this theory of 
the equatorial acceleration is in substantial accordance, 
so far as it goes, with that formulated some years later 
by Mr, Lockyor, and given in tho last chapter of his 
Ohemistry of tho Sun,’^ But his “ dissociation theory 
apparentl}^ has an important role to play in providing 
tlio ‘numdrodB of millions of tons’’ of falling matter 
that produce tho phenomena by their “down rush.” 
Schacborlo also attributes the equatorial acceleration to 
tlio falling back of material that has been i}rojected to 
a groat olovation above the photosphere. 

Tho idea of Faye appears to have been nearly tlio 
reverse of that liere suggested. He attributes the for- 
mation of the photosphere to gaseous matter not falling 
from above, but ascending from, lelow^ and starting 
from a stratum at a certain depth below the surface ; 
by supposing tho depth of this stratum to vary with 
tho latitudes, being greatest at tho polos of tho sun and 
least at tho equator, it is easy to explain on this hy- 
pothesis the accelerated motion of tho surface at the 
equator, and to justify his formula, which makes the ^ 
retardation at liiglior latitudes proportional to tho square 
of tho sine of tho latitude ; but no reason is evident why 
the depth of tliia stratum should vary. 

Certain later investigations in 1886 upon the rota- 
tion of Iluid inaasos, by Hikowsky, of Moscow, as ap- 
jjliecl to solar conditions by liis colleague Belopolsky, 
])erliaps warrant a hope that the phonomona of surface- 
drift in longUudo, and oven tho periodicity of tho spots, 
ultimately find a rational explanation as necessary re- 
sults of tlio slow contraction of a iion-homogencous and 
mainly gaseous globe. Tho subject is difflcult and 
obscure ; ])iit if it can bo proved, as scorns not impossi- 
ble, that, on mechanical principles, tho time of rotation 
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of the central portions of siicli a whirling mass inimf. 
be sliorter tliaii that of the exterior, tlien there will hi\ 
of necessity, an interchange' of matter between thii 
inside and outside of the spliero, a slow 
drift from ecpiator toward the poles, a more rapid in/t r- 
nal ciiiTont along and near the axis, from the ])o1(^h 
toward the equator, a continual ‘^boiling ii[) of interiiul 
matter on each side of the equator, and, iiiially, just 
fiiicli an eastward drift near the equator as is ac-tualiy 
observed. Morcovci’, the form of the mass, and 1,1 lo 
intensity of the drift and consequent ‘‘ boiling U]) frtnii 
underneath might, and probably would, bo subject to 
great periodical variations, 

As to Zullncr's idea that tlie equatorial aceeleraifoii 
is due to the friction between a liquid sheet, eonHtitiit* 
ing the photosphere, and a solid nucleus below, it in 
hardly uQcessary to say that this view is in coui])]eto 
opposition to those held by almost all nHtroiu)moj’H, and 
seems to be untenable in its fundamental assunqiLionw. 

On the whole, however, the writer syiujiathij^es with 
Dundr in his conelusiou : must confess tliat this dif- 

ference between tho rotation periods in the difl'eront 
(solar) latitudes appears to me incoinprehonsible, and 
constitutes one of tho most diilioult probleinfl of astm- 
2 )hysicB.^^ No theory yet presented is really satisfactory.'^ 

TIITO POSITION OF TlIPl SUN’s AXIS. 

The piano of tho sun’s rotation is sliglitly inclined 
to that of tho earth’s orbit. According to Carrington, 
tho angle is 7° 16^ while Spoorer makes it (1° 'J'liis 
plane cuts the ecliptic at two opimsito junnts called ilm 
nodes, one of which is in longitude 78° 40', according to 
Carrington, and 74° 3(5' according to Spoorer. Tho 
axis of the sun is therefore directed to a point in tho 
* Soo Koto B, page 800. 
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constellation of Pmco, not marked by any conspioiious 
star. Astronomers define its position by saying tbat 
its riglit ascension is and its declination is 04®. 

It is almost exactly lull f-wtiy between the bright star 
a Lyrm and the polar star. 

The earth passes through the two nodes on or about 
the 3d of June and the 6lli of December. At these 
times the spots move a])parcntly in straight linos across 
the sun’s disk, and his poles arc situated on its cirenm- 
fereriCG. During the suinnier and autumn, from Juno 
to December, the sun’s northern polo is ineliuod toward 
the earth ; during the winter months, the sotiibern. The 
angle wliicli the sun’s axis appears to make with a north 
and sontli lino in tlio sky (technically, i\\Qi jposiUon-angU 
of the sun’s axis) changes considerably clni'ing the year, 
varying 2(1° each side of i;oro. As it is often very 
dcsiral)Io for an amateur to know tliis anglo approxi- 
mately, wo insert the following little table, giving the 
]-)osition angle of the sun’s north polo roforrod to the 
' center of the disk. The table is derived from the much 
more extensive one in Secclii’s “ Lo Soloil” : 


POSITION ANGLE OP SUN»S AXIS. 


J.\NUAUY 4, July 0 


O^^'OO. 


(Inn. If), (Tuiio 2d.. . . 
Jmi. 20, Juno M,. ► , 
Pcb. V, Juno 2., , . 
Feb. 22, May 18. . . . 
Miu’ch 18, April 25. . 
April 5, 


5® wept. 

10® weal. 

15® woPt, 

20® wcat, 

25® west, 

20® 20' west. 


Deo. 24, July 11,, A 5" onat, 
Dec, 15, July 20, . 10® oaat. 
Deo, 8, Aug. 11. .. . 15® enst. 
Nov, 19, Aug. 27,. . 20® cast. 

Oct. 29, Sept. 20., . 25" oaat. 

Oct. 10 20^ 20' CABV. 


It is understood, of course, that the tabloigis only 
approximate, bocaiiBe tho numbers change slightly ac- 
cording to tlio place of tho miiTont year in tho loai> 
year cycle; but tho results obtained from it are always 
11 
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correct witliin about wbicli is near enough for most 
purposes. v 

Fig. 37 illustrates these points, giving tlio position- 
angle of the sun^s axis, and the aspect of his equator at 
difierent times of the year as seen from the earth. Foi' 


Fio. 87. 




POBmON-AKOf.R OP SUM’fl Axie, AKl) AePBCT OV IIIB K(JUAT0W. 


the sake of clearness, however, the iuclination of tho 
sun^s equator to tlio ecliptic is consicleraldy oxaggoratccl 
in the lower row of figurost the equator never 'ap])oars 
so strongly curved as there represented. 


raOniSR MOTION OF SPOTS. 

After making duo allowance for tho equatorial 
acceleration, it is found that almost every spot has more 
or less motion of its own. Between latitudes 20'' north 
and 20® south, Mr. Carrington finds, ou tho whole, a 
slight tendency to motion toward tho 0 (]uator, the ino ve- 
ment amounting to a minute or two of arc j 

from 20® to 30® on hoth sides of tho cqiiatoj*, iff 
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a somewhat more decided motion toward the poles. 
Payc Ima also shown that many spots movo in small 
ellipses upon tlio surface of the suii, completing their 
circuits in a day or twOj and repeating tlieni with groat 
regularity for weeks, and even months. Wlienovcr a 
spot is passing through sudden changes, it generally 
moves forward upon the solar surface, as has already 
boon mentioned, witli something like a leap ; and, when 
a spot divides into two or more, the parts generally sep- 
arate witlx a very considerable velocity, as if (we do not 
say lecaiise) there was a repulsion between thorn, 

DTSTBIBUTION OF SUN-SPOTS. 

The sxin-spots, as has already boon said, aro not dis- 
tributed over the sun’s surface with anything like uui- 
fortnity. They occur mainly in two zones on each side 
of tho equator and botwcon the latitudes of 10^ and 30®. 
On the oqxuitor itself they aro comparatively rare; tlxero 
are still fewer beyond 35° of latitude, and only a single 
spot lias over been recorded more than tt5° from the 
solar equator — ono observed in IS^tG by tho late Dr. 
Peters, then in ISTaples. \ 

Tho figure shows tho distribution of 1,386 spots ob- 
served by Carrington. The figure is constinictod in 
tills way : Thq circmnforcnco of tho sun, on tlio left- 
hand side of the figure, is divided into flvo-clcgrce 
spaces from tho equator eaclx way, and at eacli of them 
is erected a radial lino whoso length mfour hu^idredihs 
of mi inch h proportional to tho number of sjxots ob- 
sorved within 2^° of latitude on each side. Thus, tlio 
lino dj’awn at 20° north latitudo, and marked 151,” is 
IJ-J- of an inch long, and means that 151 spots were 
recorded botwcon lY^^ and north latitude. 

It is at once evident fi'om mere inspection that the 
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distribution follows no simple law of latitude. On the 
northern hemisphere, the distribution, during the eight 
years over which the observations extend, was not veiy 
irregular, though there is a distinct minimum at 15°, 


Fio, 88. 



and two maxima at about 11° and 22° of latitude. On 
the southern homiaplioro the nnnimuin at 16° is very 
marked, and the numbers at 10° and 20° aro far in 
excess of those in the northern hemisphere. Of the 
whole number, Yll wore in the southern hemisplioro, 
as against 676 in the northern. 

The minimum at 16° of latitude was special to the 
date of observation, and had its origin in a law discov- 
orod by Spoorer a few years ago — -to be discussed later 
(page 160). His own observations from 1861 to 1807 
show nothing of the kind. They give the following 
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distribution of 1,063 spots in latitude, viz. : + 35®, 4 ; 
+ 30®, 4 ; + 25®, 16 ; + 20®, 50 ; + 15®, 133 ; + 10®, 
198; +5®, 114 — in all, 519 spots north of the solar 
equator. 40 spots were on the equator, or within 2® of 
it. South of tho equator wo have, in latitude ; — 5®, 
113 ; 10®, 206 ; ^ 15®, 109 ; - 20®, 38 ; - 25®, 19 ; 

-“30®, 7; — 35®,.l; —40®, 1 — in all, 494 southern 
spots. In 1866, a year of spot minimum, tlioro were 
only 94 spots in all, and of these 94 all but two were 
situated within 17® of tho equator. 

It is to bo noticed that at times when spots are 
abundant tlioir mean latitude is greater than when they 
are few, or, in otlior words, an increase in tho number 
of spots generally carries witli it a widening of the zones 
in whicli the spots appear. All the ol)sorvation8 concur 
in showing tins* 

The cause of this distribution of tho spots in zones 
is not known. It is probably connected with tho origin 
of tlio 8])ots themsolvcs, and very possibly has suniotliiug 
to do with the law of surface-motion just discussed. At 
least it is cortain, ns Fayo pointed out some yours ago, 
that, while at tho solar poles and equator adjoining por- 
tions of tho photospboro have no relative motion with 
roferoneo to each other, yet in tbo middle latitudes 
this is not true; boro each clement of tho surface has a 
clilforont volooity from those immodiatoly north and 
south of it, so that they drift by each other like the 
filaments of a liquid current wliich is suffering retarda- 
tion, producing, as Fayo aupposos, whirlpools and eddies 
which, according to his view, generate tho spots. 

As regards tho sini^s northern and southern hemi- 
splioros, tlioro is often a groat inequality. Tims, from 
1672 to 1704 absolutely no spots were recorded in tlio 
northoru liomisplioro, and when a few appeared in" 1706 
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and 1714, the French Academy was formally notified of 
the fact as sometliing very rcmarkahle. ’Wo do not 
know that anytliing quite like this has over happonc<l 
since; but the inequality between the two lieniispherca 
is often very marked for months together, tlioiigh in 
tlio long run there seems to be no diifercnce. 

It is a question of much theoretical importanets 
whether spots do or do not appear repeatedly at I ho 
same points; for if this is really tlio case, it would 
make it almost certain that below the photosphere thoro 
must he a coherent nucleus, carrying with it in its rota- 
tion sucli volcanic or otherwise pocniliar regions as to 
cause the breaking out of spots above them, Tliero 
would he no difliculty in accounting for two or thnui 
dissolutions and reappearances in the same region with- 
out any such hypothesis, since a great disturhniu^o in 
the solar atmosphere would not subside eiUirely for a 
long time, Tho observations of ^ yjioorcr show that 
this actimlly happens, and that, foi* a ])oriod of k<3voiuI 
months, spots and faeulne often recur several times ah 
tlm same point. But his observations do not give any 
real support to the idea of a solid niicdcnB, nor lias lie? 
himself ever favored such a view, altlumgh some (and 
among others tho writer), niismulci'ritanding certain ex- 
pressions of hisj have supposed that ho did* 
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PEBIODTOITY OF SVN-SPOTS; TUFIU FFFKOTS VP02f THF mBTIl, 
AND TUKOnim AS TO TUmil CAUSE AND NATURE 


Observations of Hchwabe,— Woirn Numbers, — ^Proposed Exptaimtiona of 
Poriotlicity, — Connection between Sun-Spots ami Terrestrial Slagiiet- 
iBin. — RoinarUablo Solar Olslm-bancos and ilngnctlo Storms. — EITcct 
of Sun-Spots oil Tcinporaturc* — Smi-Spols, Cyclones, and Rainfall. — 
Researches of Symons and Moldnim, “-Sun-Spots and Commercial 
Crises.— GaUleo’s Theory of Spots. — IIer.schol’8 Tlicory,— Secolii’a 
First Theory. — Kdllnor's. — Faye’s. — Seech Pa Rater Opinions. — Tlioo- 
rlea of LooUyor, Schacberlc, and othora. 

It was early noticed tliat the number of sun-spots is 
very variable, but tlio discovery of a regular poriodicity 
in their nmnbor dates from 1.851, when Sehwabc, of 
Dessau, first pnblislicd tlm result of twouty-fivo years 
of obaorvatioii. During this tiinc.hc bad examined the 
sun on every clear day, and had secured an almost per- 
fect record of every spot that appeared upon tlio solai 
surface. IIo began Ids work without any idea of ob- 
taining the result be arrived at, and says of liimself, 
that, “ like Saul, ho went to seek his father’s asses, and 
found a kingdom.” His observations showed unmis- 
takably that there is a pretty regular incroaso and do- 
orcase in the number of sun-spots, the interval from one 
maximum to the next being not far from ton years. 
Subsocpxent observations and a thorough oxamination 
of all known former records fully confirm this eonclu- 
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sion, except that the mean period appeara to ho Boino* 
what greater, eleven and one ninth yeans ])eing (ho valuti' 
at present generally received. Profesaor It. Wolf, of 
Zurich, has been especially indefatigable! in his investi- 
gations upon this subject, and has simeooded in disinter- 
ring from all sorts of hiding-places a nearly (ionipleli* 
history of the solar surface for the past ImiidrcMl tU!<I 
fifty years. Among other things he finds among the 
unpublished inanuscri])ts of Horrehow (a Danish im- 
tronomer who llourislied a eentniy ago) a distinct in- 
timation (in 1776) that zealous and contiinuid ohsorva- 
tion of the sun-spots might lead to “ (he (liscovery of n 
period, as in the motions of the olher heavoidy hodit's,’’ 
with the added remark that “ then, and nol, till thmi, 
it will be time to iiupiirc in Avliat inannor the boillc.^ 
which are ruled and illuminated by the sun are iniln- 
enced by the sun-si>ot6 ” — alluding, pei’liaps, to ecii'tain 
ideas then, as now, more or loss cnri'ont, and illustrated 
by the attempt of Sir W. riemdicl, a few years later, to 
cstalfiish a relation between the price of wlieat and tliu 
number of sun-spots' 

"Wolf has brought togothcr an enormous nuniher of 
observations, and with immense labor has condjiimtl 
them into a consistent whole, deducing a sorios of “ rel- 
ative numbers,” as he calls them, which roj)rusunt tJio 
state of the sun as to spotlcdnoss for every year sinco 
1745. His “ relative number” is formed in rather an 
\ I arbitrary manner from the ohsorvation of the spots ; 
.representing tin's number by r, the formula is, r 

in which (/ is the munbor of groups and 
[ ipolntod spots observed, and / the total number of 
f spots which can bo counted in these gi’ouiis ami singly, 

■ while k is a cocflicient which depends ujum |:ho oh- 
Borver and his tcloscoj)o, Wolf takes it ns unity for 




Fig, 89 ,— Wou'b Srx-Spor ycMBERS. 
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himself, observing with a three-iiicli telescope and power 
of 64* I^or an observer with a larger instrument, k would 
be a smaller quantity, while a less powerful iiiBtrument 
and less assiduous observer would receive a greater 
than unity, as probably seeing fewer spots than AVolf 
himself would reach with his instrument* Those rela- 
tive iiiunbers, as tested by the most recent jdiotograpliic 
results of De La Rue and Stewart, are found to be quite 
apiiroximately proportional to tlic aroa covorod by the 
spots* 

Wo give on the opposite page a figure deduced from 
the numbers, published by Wolf in 1877, in the Me- 
moirs of the Royal Astronomical Society,” and showing 
tlieir course year by year since 1772. The continua- 
tion* of the curve to 1880 is from nuiubors subse- 
quently publislmcl by him in the astronomical .periodi- 
cals, The horizontal divisions denote years, and the 
height of the curve at each point gives the relative 
number” for the date in question. For oxanqde, in 
1870, about tlio middle of the year, the relative lunn- 
bor was 140, while early in 1879 it ran as low as 3, 

The dotted lines are curves of magnetic disturbance, 
with which at present wo have no concern. Onr dia- 
gram, on account of the smallness of tlie page, only goes 
back to 1772, but Wolfs investigations roach to 1010, 
and ho gives, in the paper from whicli were derived the 
numbers used in constructing our diagram,, the follow- 
ing important table of the maxima and minima of sun- 
spots since that date, dividing the results into two scries, 
the first of which, from tho paucity of observations, is 
to bo Goiisidorcd of much inferior weight to tho second, 

* It (11(1 not BGom worth whilo to rO' 0 «gravo tho pinto In order to bring 
tho curvo down to (Intoj but tho main roauUa oinco 16S0 nro alated mu 
moiloftlly a pngo or two later. 
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Fiuav Sp.niiia, 

tinroND BnniKB. 

Minium. 

Mnxlmft, 

Miattnn. 

Maxima, 

lOlO'S 

1015*6 

17 * 16-0 

1760-8 

8*2 

10.5 

10*2 

11*2 

lOIO'O 

1020*0 

178 B .2 


in-0 

13*5 

11*3 

8*2 

1 ( 184*0 

1039*5 

noo-B 

170 fl -7 

11*0 

0*5 

9*0 

8-7 

1045-0 

1049*0 

IVYB-fi 

1778-4 

10-0 

11-0 

02 

9*7 

ICOfi'O 

IGOO’O 

1 ( 84 '7 

1788-1 

11*0 

16*0 

13-0 

10*1 

1000*0 

lots-o 

1798*8 

1804*2 

13*5 

10-0 

12*8 

12.2 

iflVO'S 

tU 860 

1810*0 

1816*4 

lO'O 

8*0 

12.7 

18-5 

1080*5 

1093*0 

1828*3 

1820-0 

8*5 

12*6 

10-6 

7-8 

1098*0 

1706'5 

1883*0 

1837*2 

MO 

12*7 

■ 0*0 

10*0 

1 ' 712*0 

1718*2 

1848 5 

1848*1 

11*6 

9-3 

12*5 

12 0 

1 ^ 28*5 

1727*5 

1860*0 

1800*1 

10*5 

11*2 

11*2 

10*5 

1 V 84*0 

1788*7 

1807*2 

1870*6 

Mcnn porloO, 

^Ican poriod. 

Man It period, 

Menu period. 

. 11 * 20 : 1 : 2 * 11 * 

11 * 21 ) ± 2*00 

11*10 ± 1*54 ■ 

10-94 ± 2 - B 2 

± 0*04 

± 0-08 

± 0*47 1 

± 0-70 


From thoBO data, Woli: dorivos a mean period of 
11*11 L ycais, witli an average variability of 2’08 years, 
and an uncertainty of 0’307, duo cliiofly to the difliciilty 
of fixing the prociso date of maximum or minimum. 

After the groat maximum ot 1871*0, when the rel- 
ative number roaclied 140, there was an unuaually pro- 
tracted down-slide until 1879, wlien, as tlio /igun3 shows, 

*Tho upper iiiunbov, ± 8'11, Indiontos that llio liullvhlunl periods 
havo an average variation of 2*11 yoara on ono flido or thoolhor from tlio 
moan period, Tlio lower nnnibor, db 0*0'l, is tlio Bo-oallod “probable 
error “ of the period. Hlmllavly hi the throo other cohunim. 
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a very low miniinuin occurred. After that a fcoblo 
maximum (only 6:1) arrived pretty quickly near the 
of 1S83, followed by an average minimum in the middle 
of 1889. The next and last maximum was passed int 

1893 ; it was not a very high one, perhaps about 70 

but Wolf died in 1893j and wc have no authentic figures 
later than 1891. 

A moment’s inspection of the curve shows that tlio 
maxima differ greatly in intonsityj and that the period 
is nob at all iixcd and certain like that of an orbital mo- 
tion, but is subject to groat variations, Thus, betwoom 
the maxima of 1829*9 and 1837*2 wo have an interval 
of only 7*3 years^ while between 1788 and 1804 it was 
16*1 years.* A portion of this great variableness of 
period may, perhaps, bo due to the incompleteness of 
our observations, but only a portion. It is quite likolj^ 
that a fluctuation of mucli longer period, not far froui 
sixty years, is, to some extent, responsible for the effcat 
by its superposition upon the principal (olovon-youi*) 
oscillation. 

Another important fact is that the interval from a 
minimum to the next following maximum is only about 
4rJ j^ears on the average, while from tlio maximum to 
the next following minimum the interval is 0*6 years. 
The disturbance wliich produces the sun-spots sprinj^B 
up suddenly, but dies away gradually. 

Still another fact, ns yet unexplained, and probably 
of great tlieorotical importance, has recently bcoti 
brought out by Spoerer. S])caking broadly, the dis- 
turbance which produces the spots of a given sun-spot 
period first manifests itself in two bolts about 30® iioi'th 

* Some ftatronomers contciul that thoro ouglit to bo anotlior innxlmu tn 
Inaortod about Observations about this Urno nro Xow In number 

and not very satisfactory. 
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and south of the sun’s equator. These belts then draw 
in toward the equator, und the sun-spot nuixiinmn occurs 
when their latitude is about 10° ; wliile the disturbance 
gradually and finally dies out at a latitude of 8° or 10°, 
some twelve or fourteen years after its first outbreak. 
Two or three years before this disappearance, however, 
two now zones of disturbanco show thoinselvos. Thus, 
at tlio 8Un-8i)ot minimum there aro four well-marked 
spot-belts; two near tlie equator, duo to the expiring 
disturbance, and two in high latitudes, duo to the newly 
begin ning outbreak; and it apj^oars that the true sun- 
spot cycle is from twelve to fourteen years long, each be- 
ginning in high latitudes before the preceding one has 
expired near the equator. 

Fig. 40 illustrates this, embodying Spoerer’a results 
from 1855 until 1880. The dotted curves show Wolf’s 


Fio. 'AO. 
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sun-spot enrvo for that period, tho vortical colnimi at 
tlio riglit of tlio figure, marked W at tlio- top, giving 
Wolf’s “ relative numhers.^* Tho two continnons curves, 
on tho other liiuul, give tho solar latitiidos of the two 
sorioB of spots that invaded tho sun’s surface in tlioso 
years. ’L’lio scab of latiiutles is on tho loft hand. Tho 
first sorios began in 1850 and ended in 1808 ; tho seoond 
broke out in 1800 and lasted until 1880. During those 
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years it happened that there was very little clifforonco 
between the northern and sontlierii lieniiaplicrert of 
the sun. 

EXPLANATIONS OF SUN-SPOT riillllODIOiTY. 

There is no question of solar jdiysics moro into rest- 
ing or important than that which concerns the cauBt^ oi' 
this periodicity, but a satisfactory sohition remains to 
be found. It has been supposed by astronoinorn of 
very great authority that tlie influence of the piano ts 
in some way produces it. Jupiter, Venus, and M.or- 
ciiryhave been especially suspected of comj^licity in 
the matter, the first on account of his enormous nuiK«, 
the others on account of their proximity. Do La lino 
and Stewart deduced from their pliotographio obsorva- 
tious of sun-spots, between 18G2 and 1800, a sericB of 
numbers, strongly tending to prove that, when two of 
the powerful planets arc noarl}^ in lino as seen from 
the sun, then the spotted area is much increased. Tiioy 
have investigated especially the eombinod olTcot of^ M or- 
cury and Venus, Jupiter and Venus, and Jiijntor and 
Mercury, as also the effect of , Mercury’s approach fco^ 
or recession from, the sun. In all four cases tlioi'fe 
seems to be a sonacwliat regular progression of innti- 
bers, though much less decided in the third and foui'Lli 
than in the first and second. The irregular variatioiiB 
of the numbers are, however, so largo, and the duration 
of the observations so shorl:, that it is Imrclly safe to 
build heavily upon the observed coincidoncos, since they 
uiay be merely accidental. In fact, so far as wo can 
learn, the observations since 18C0 furnish no conflrnm- 
tion of this theory. 

An attempt to connect the olcven-yoar period witli 
that of the planet Jnpitor also breaks clown, Wliilo, 
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tor a cortaiii purtiou of Liinu, ihuro is a pretty good 
agreement between the sun-spot curve and tliat which 
represents the varying distance of Jupiter from the siiiij 
there is completo discordanco elsewhere. About 1870 
the maximum spottedness occurred when tlie planet was 
nearest the sun, but at the beginning of tlio century the 
reverse was the ease. Loomis suggested that tlio con- 
junctions and oppositions of Jupiter and Saturn may 
be at the bottom of the matter. Tlieso occur at inter- 
vals of 9'93 years, from a conjunction to an opposition, 
or vice vena, lint, when wo como to tost the matter, 
wo find that, in some cases, sun-spot minima have coin- 
cidod witli this alignment of the two planets; in other 
cases, maxima. 

It is, indeed, very difficult to conceive in what man- 
m.r the planets, eo small and so remote, can 'i) 088 ibly 
produce such profound and extensive disturbances on 
the sun. It is hardly possible tliat tlieir gravitation 
can bo the agent, since tho tide-raising power of Venus 
upon tho solar surface would bo only about of that 
which tho sun oxorts upon tlm earth ; and in tho case of 
Mercury and Jupiter the oifect would bo still leas, or 
about of the suffis iiffinonco on tho oavtli. Making 
all allowances for tho rarity of the niatorials which com- 
pose the pliotosphore, it is quite evident that no planet- 
lifted tides can direetly account for tho phojiomona. 
If tho sun-spots arc duo in any way to planetary action, 
this action must bo an occasion ratlior than a cause. A 
minute disturbance may, so to speak, ^^pull the trigger” 
and bring on an oxjdosion, The toucli of a chikVs 
fingor Jired tlio I^lood Hock niiuo. 

Several aatroiioinors, among otherfi Professor B. 
Poirec, seem to liave adopted an idea before alluded 
to — first suggested, wo boliovoj by Sir John Ilorsohel — 
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that the spots arc caused hy meteors falling upon 
sun. According to tliis view, tho periodicity of tUi' 
spots could bo simply accounted for by snj)p(ming iho 
meteors to move in a very elongated orlut, with a 
riod of ll'l years, adding the additional ]iy])()tliciHiH 
that at one part of tho orbit tliey form a ilock of great; 
densitj^, while elsewlicrc they are sparsely distributtHL 
This meteoric orbit would luivo to lie nearly in tha 
plane of the snn^s ecpiator, and liave its aphelion iu>ai* 
the orl}it of Saturn. Of course there is no necessity ti > 
limit our hypothesis to a single meteor stream. Wiiai: 
we know of moteor^showers oneountered by tho ear Id i, 
makes it likely tluit there may ho several, of diil'oi’CJn t 
periods; and thus we may account for somo of tho <,ib- 
served irregularities of the sun-spot i)eriod. T]m hy- 
pothesis has many excellent points, and wo sluill luivo 
occasion to recur to it again. At tho same time, it iiuiy 
be said liero that it seems very diltieult to make it ox- 
plain tlie enormous dimensions and jiersistenco of many 
sun-spot groups, and tho distribution of tho spots on 
the sun s surface in two parallel ^oncs, with a miuimnni 
at tlie equator. Tho irregularity in the epoclis of max- 
ima and minima is also much greater than would have 
been expected. 

On tlio whole, it seems rather more' probuhle that 
the periodicity is in tho sun itself, dcqicnding upon no 
external causes, but upon tho constitution of tlie plmto- 
Sjihoro and the rate at winch the suii is losing lioat* 
Perhaps we may compare small things with great by 
referring to the periodic explosions of the Tcelaiulio 
geysers, or tho ‘‘Immping’' of ctlior and many otliur 
liquids in a cliomist’s tosUubc. Looking at it in tliiH 
light, wo should imagine tlio course of events to consint 
of a gathering of deep-lying forces during a season of 
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external qnieseence, followed by an outburst, wlucli 
relioves the internal fury; the rest and the paroxysms 
recurring, at gomewliat regular intervals,, simply beeauso 
the forces, materials, and conditions involved, change 
only slowly with the lapse of time* 

If such bo really tho ease, it is clear, of course, that 
this periodicity is never likely to bo very regular, and 
will not long keep step with any planetary march. 
Time of itself, thoreforo, will by.-and-by solve tho prob- 
lom for 118, or at least will refute any falso hypothesis 
resting upon tho reciirreuco of planetary positions, 

TEirnKSTOXAL INFLinUNOE OF SUN-SPOTS, 

Even more important than tho problem of tho caiiso 
of sun-spot periodicity, is tho question whether this pe- 
riodicity produces any notable olTects upon tho earth, 
and, if so, what? In regard to this question tho astro- 
nomical world is divided into two almost hostile camps, 
so doeided is tho diffiorcnco of opinion, and so sharp tho 
diBcusaiom Ono party holds that tho.stato of tho sun^s 
surface is a dotorminiiig factor in our toiTostrial meteor- 
ology, making itself felt in our tomporaturo, barometric 
pressure, rainfall, cyclones, crops, and oven our financial 
condition, and that, thoreforo, tho most careful watch 
should be kept upon tho sun for economic as well as 
scientific reasons, 

Tho other party contends tlmt tlioro is, and can he, 
no sensible infiuoneo upon tho earth produced by such 
slight variations in the solar light and heat, though, of 
course, they all admit the connection botwcon sun-spots 
and tho condition of tho eartlfis magnetic olomonts, It 
seems pretty clear tlmt wo are not in a position yet to 
decide tho question oitlior way; it will take a mxioh 
longer period of observation, and' observations con- 
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(1 noted with special reforonce to tlio subject of inquiry, 
to SGttlo it. At any rate, from the data now in our pos- 
session, men of great ability and laborious industry 
draw o])p 08 ito eonclusions. 

It certainly is not so plain that tlio sun-spots havo 
not the influeneo which their worsliipyrs, I had almost 
called tliem, claim for them, as to absolve us from 
tlie duty of investigating the matter in the most thor- 
ough mannor. On the other hand, it is also by no 
moans certain that wo shall find the labor of investiga- 
tion fruitful in precisely the manner and degreo desired 
Tlioso who search for truth with honest endeavor may, 
nevertheless, be sure of their reward in some way. 

I have said that there is no doubt as to tho con- 
nection between the sun-spots and terrestrial inagnotisin. 

In 1860, Lamont, of Munich, called attention to tho 
fact that tho average daily excursions of tho magnetic 
neecUo havo a period which, from tho few decades of 
observation at his command, ho iixod at ton and one 
third years. 

Perhaps a word of explanation is needed hero. 
Every one knows tliat tho compass-noedlo docs not 
point exactly noj’th, and its divorgonce from the true 
meridian is different in different places. On tho At- 
lantic coast of tho United States, for instance, the north 
polo of the magnet points west of north, and on tho 
Pacific coast cast of north. What is more : at any par- 
ticular place tho direction of tho needle is continually 
changing, those changes being like tlio changes in the 
tempera turo of the air, in part regular and predictable, 
and partly lawless, so far as wo can see. 

One of the most noticeable of tho regular magnetic 
changes is tho so-called diwmal oscillation ; during tho 
early part of tho day, between sunrise and one or two 
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o’clock r, M., the north polo of the needle moves toward 
the west in these latitudes, roturniiig touts mean position 
about 10 V. M., and rennxiiiing nearly stationary during 
the night, Tlio extent of this oscillation in tlie United 
States is about 15^ of arc in sunmiei*, and not quite lialf 
as much in winter ; but it differs very much in differont 
localities and at different times, and also — and tliis is 
Lamont’s discovery — the average extent of this diurnal 
oscillation at any given, observatory increases and de- 
creases pretty regularly during a period of lOj years, 
according to his calculations. ‘As soon as Selnvahe an- 
nounced his discovery of the periodicity of tlie solar 
Bpofs, Sabine in England, Gautier in Erance, and Wolf 
in Switzerland, at once and indopendently perceived the 
coincidence botwcon the spot-iiiaxima and those of the 
magnetic oscillation. Fayo at one tiim attempted to 
impugn tliis conclusion. In order to make his j)uint, he 
insisted that the magnetic maximum is shown l^y Cas- 
sini’s observations to have occurred early in IY87, and, 
dividing the interval between this and tiio last magnofcio 
maximum, near ilio close of 1870, by 8, the number of 
intorvoning periods, ho gets lO’lC years for the mean 
magnetic period, instead of 11* LI. The rojdy is, that 
tho observations both of tlio sun-spots and of the mag- 
netic olemonts near tho close of the ciglitecnth century 
are so meager and nnsatia factory that tho ovidonco as 
to tlie precise timo of maxima and minima is very in- 
complete. In 1886, however, Faye yielded to tho con- 
stantly accumulating woiglit of ovidonco, and gave in 
his adhesion to tho received conclusioiq wliicli is now 
practically undisputed. 

Tlio convincing ovidonco ns to the reality of the as- 
sorted connection lies in tho closeness with wliielq over 
since wo have been in possession of continuous and sat* 
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isfactory observations, tlie inagiietlc eiirvo ctfpios that «>f 
the sun-spots. In Fig. 39 tlio dottoil enrvea repmsonC 
the mean amount of magnetic oscillation as deduced h)' 
Wolf from various series of observations. From 1820 
to 1895 the record is almost continuous, and the eoiiusi- 
dence of the curves is such as to make it impossible' to 
doubt the connection.* 

The argument is much strongtlioned by an examina' 
tion of records of the aurora borealis. Occasionally so- 
called “magnetic storms” occur, during which tho com- 
pass-iieedlo is soinelimes almost wild with o.xcitcmcnt, 
oscillating 6° or even 10° within an hour or two. Thoso 
“storms” are generally accompanied by an aurora, and 
an aurora is always accompanied by inaguolic disturb- 
ance. 

L ow. when we come to collate aurora obsorvatioiia 
mth those of sumspots, as Loomis has done with gi-oat 
care and thoroughness, we fmd an almost ])orfoct ])aral- 
lelisin between the curves of auroral and sun-spot fre- 
quency. 

We find also, as Shearman, of Toronto, and Dr. 
Yeeder, of Lyons, IST, Y.,havo pointed out, that auroras 
often run in series, so to speak, following each other for 
several months at nearly regular . intbryals' of 27-275 
days, which is very closely the period of tho sun’s 
parent equatorial (synodic) rotation; this of courso 
makes it more or less probable that their n]ipoftranco is' 
connected somehow with tho way in which certain ])or- 
tions of the sun’s surface present thoinsolvos to tho 
eartli. Dr. Veeder’s' idea is that clistnl-bed regions ii po» 


. Balfour Stowftl•^ of tlio obsorvutloim «t Kow-, lio- 

ween and 1867, brings out the coiToapomlonco vory boautlflilly, 
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tho sun aro speeially influential upon the cartli’s mag- 
notisin at tho moment when they are near tlio ofistern 
edge of the mUy and just coining in sight to us on tlio 
cartln Tlioro is no obvious reason, however, why a 
cliaturbancc on the sun should thus propagate itself more 
vigorously iu a direction tangential to the sun’s surface 
and in the piano of tlie sun's equator than in any. 
other direction ; and while Dr. Veedcr is certainly able 
to iriarshal a groat luunbor of coincidonces in sii])])ort 
of his opinion, there aro also numerous cases whei'o the 
region of solar diaturbauco was near tho middle of tlio 
sun’s disk,, as, for instance, the great magnetic fitoriiis and 
auroras of February 13, .1892, and Kovembor lY, 1SS2, 
In tliis connection it. scorns worth while to quote from 
an article by Mr. Maunder, of the Greenwich Observa- 
tory, with roapcct to theso spots, and two other groups 
of almost equal magnitude wliich appeared together in 
April, i 8S2. Ho* writes : 

a period of nearly niuotoon yonra, tlioroforo^’ (from 18T3 
to 1892), ** wo ha VO throe insgiiotio storms which afaiul out pro- 
em! no ntly above nil others during tlmt inforval. In tiuit anmo 
period- wo have throe great ann-flpot display s— counting tho two 
groups of April, 1882, together — wliioh stand out with oqiial dls- 
tinotiicsa far nbovo all o flier similar dtaplftjs. And wo ilnd tlmt 
tho I'liroo mngnotlo storms wore simultaneous with tho gi ontost do- 
volopmont of tho spots. Is tlicro any osonpo from tho oonolusloa 
that tho two havo a real and binding connooUon? It may bo di- 
root; it may bo indlroot nud aooondnry only ; but it must bo roal 
and oflootivo/* — Knowloclgo,” May, 1802. 

; It is not easy to t'raino any satisfactory theory to ac- 
count for this connection between solar distil rbau cos and 
terj^ostrial inagnotisni. It ^ liardly bo in tbo way of 
temporaturo, for tho infhion^ of sun-spots in this ro- 
spoct is 80 slight that it la still an open question wlietlior 
wo do or do not got from tlio sun inbro llian tho avorago 



nmount of heat during a enn-spot maximum* Probably 
it k moro iimnediato and direct; perhaps in some way 
kindj'cd with the action which drives off tlie matcJ’ial of 
a coniet^e tail, and proves that other forces besides grav- 
itation are operative in interplanetary space. Or, not 
at all impossibly, as Mr. Maunder suggests, it may be 
indirect ; an action of some cosmic cause upon sun and 
earth together. 

Thoro are a number of observed instances which, 
tliougli not siiflicient to demonstrate the fact, still reu- 
dcr it very ])robabIe that every intense disturbance of 
tlic solar sm^face is ])ropagated to our terrestrial mag- 
netiein witli the speed of light. An instance foil under 
tliG writer^s iiotiee in the course of a series of spectro- 
scopic observations at Sherman. On August 3, .1872, 
the cliromosidmro in the neighborhood of a sun-spot, 
which was just coming into view around the edge of the 
sun, was greatly disturbed on several occasions during 
the forenoon. Jets o£ himinons matter of intense bril- 
liance wore projected, and the dark lines of the spectrum 
wore reversed hy hundreds for a few minutes at a time. 
There wore three especially notable paroxysms at 8.45, 
10.30, and 11.50 a. m, local time. At dinner the pliu- 
tograplicr of tlio party, who was determining the mag- 
netic constants of our station, told mo, without knowing 
anything about my observations, tliat ho had boon obliged 
to give up woi’k, his magnet liaviug swung clear oif the 
scale. Two days later the spot had come around the 
edge of the limb. On the morning of August 6th I 
began observations at 6.40, and for about an hour udt- 
nossod some of the most remarkable phenomena I have 
over seen. The liydrogon lines, with many others, were 
brilliantly reversed in the spectrum of the nucleus, and 
at one point In the penumbra the 0 lino sent out what 
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looked like a Ido w pipe-jet, projecting toward tho np- 
per oiul of the spectrum, and indicating a motion along 
tho lino of siglit of about one lumdred and twenty miles 
per second. This motion would die out and be renewed 
again at intervals of a minute or two. Tho figure gives 
an idea of the a])pearanco of tlie spectrum. Tho dis- 
iurbaneo ceased before eight o’clock and was not re- 
newed that forenoon. On writing to Ei^gland, I ro- 


Fio. 41. 



ceived from Greenwich and Stonylnirst, through tho 
kindness of Sir G. B. Airy and Rev. S. J. Perry, copies 
of tlio photograpliic magnetic records for ihbso two 
days. Pig. 42 is reduced from tho Greenwich curve, 
That obtained at Stoiiyhurst is eseoutially tho saino. 1 1 ' 
will bo soon that on August 3d, winch was a day of gen- 
eral magnetic disturbance, the three paroxysms I noticed 
at Sherman were accompanied by peculiar twitches of tlio 
magnets in England* Again, August 5th was a quiet 
day, magnetically speaking, but just during that hour 
when tho sun-spot was active, the magnet ehiverod and 
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ti-emblecl. So far as appears, too, the magnetic aetioii 
of the 8\m was instantaneous. After making allowanco 
for lono-itiKle, the magnetic disturbance in England ap- 
pears strictly simultaneous, so far as can bo judg«< , 


Pro. 42 , 



M^iiUBTlO UUEVKa AT QUUKN wioir (Augubt B AU<1 XH72), 


with the spectroscopic disturbanco seen on tho Rooky 
Mountains, and the dilleronco can not havo boon moro 
than about ten minutes, But tlio time at Shorman 
was not noted with any great precision. 

Of course, as has boon said, no two or three coinci- 
dences such as have been adduced are suflioiont to oa- 
tablish tbe doctrine of the sun’s iminodiato inagnotic 
action upon the earth, but tlioy make it so far ))robablo 
as to warrant a careful investigation of tho matter — an 
investigation, however, which is not easy, since it im- 
plies a practically continuous watch of tlio solar surfaco^ 
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It may bo added, too, that many striliing disturb- 
ances which have boon observed upon tho siin, in tho 
ascent of lofty prominonees, received no mngnotic ro- 
Bponse from the earth ; and there have also been groat 
auroras with no obvious solar correlative, Indeed, 
there is every reason to suppose that a large proportion 
of all tho magnetic disturbances at any given observa- 
toi*y are purely local, having nothing whatever to do 
with tlio sun, Somo also whicli are not local have 
been traced to tho action of tho moon, and it is not at 
all improbable that others yet are duo to causes oper- 
ating in interplanetary space. 

Solar disturbances are not the cause of our magnetic 
storms, but only one cause of somo of them ; aiul very 
likely a cause only in tho sense that tho pulling of a 
trigger “ eauses^^ tho flight of a rifle-ball : there need bo 
no 2)rojp07'tionaUty between such a cause and its effect. 

It would bo Tinfair to our readers to pass without 
notice the remarks of Lord Kolvin in a recent presiden- 
tial address to tho Royal Socuoty (Novenibor, 1802), ex- 
pressing his cliesont from tho accoptocl view of tho 
relation we have been discussing. Taking the inagnctio 
storm of tTuno 26, 1885, as an example, ho computes that 

“ In this eight hours of a not vory aovoro mngnotic storm ns much 
work must have boon done by tho sun In sotuling magnolio waves 
out in nil direoblona through epnoo as ho actually doca in four 
months of hla regular hont and light, TJiIb result/’ ho adds, ‘’it 
Rooma to mo, is absolutely ooiiohislvo against t1)o supposition that 
terrestrial magnotlo storms are duo to magnotio action of tho 
sun, or to any kind of notion taking plnoo within tho siiu, or in 
eonnootion with liurrioauea in liis atmosphoro, or any whore near 
tho sun outaldo. It sooms ns if wo may also ho forced to con- 
oludo that tho stipposed eonnootion hotwoon magnotio storms niul 
Bun-spota is unroal, and that tho seotning agroomont hotwoon tho 
periods has boon a more ooinoidonoo/* 
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And yet, with all deference to so hi^li an autliorihj, 
and without questioning the accuracy of Jus caleulatioiiH^ 
they seem really to bo no more conclusivo ilian a (join- 
piitation to show that the work cloiui by an ex[)loHi<.>ri 
vastly exceeded the power of the person ’n\-1h) preSK<nl 
the firing button. The nature of the incK'lianism l^y 
which the connection is established may, and still 
does, remain uncertain, but the statistics leave no doubt 
as to the reality of the connection iisolf. It is not, 

Imps, outside the limits of possibility, ns Iniforo liiiilrtt, 
that botli the solar and terrestrial distuiljuiice liavti a 
common origin in some invasion of power <jr nia(U*n 
from outer space — that the solar tnnmlt is the brollitH’ 
and not the father of our own aurora. 

As to the effect of sun-spots u])on tern^strial tcinpor- 
atiire, no conclusion seems possible at prc'scnt. Tlit* 
spots themselves, as Henry, Secclti, Langley, and olher^s 
have shown, certainly radiate to ua less Ijeal. tluin ihi\ 
general surface of the sun. According to tlu^ elnboratti 
determinations of Langley, tho ninltra of a h[)ot eniilH 
about fifty-four*^* per cent, and tbe ]K!niinibi'a idnuit 
eigJity per cent, as much Ijcal us a corresponding 
of the pliotosphore. Tho dirrei oUect of sun-spots in, 
therefore, to make tho earth cooler. As the total area 
covered by spots, oven at tho time of niaxinnun, nevnr 
exceeds of the whole surface of the sun, it folloWH 

* The moat rccont obaorvationa, tlioao mndo at Pai'amoim, in Irolaiid, 
by W, E, Wilson, in ISOS, with a “ radlo-jnlcroiijolor*’ and other arufuiitiis 
of the highest order, give about forty-six per cf^nt. for this miU), .AH ob. 
servora find that it inorcasos near tlio limb of tho aiin, and both Lnngloy 
and Frost have cncoinitorcd cases wijoro tho umbra of a spot was appav- 
ontly warmer than tho surrounding pholosphoro: a fact whicii, If not tlw, 
result of some error of ohsorvalion, in diUloult to cxplnln on tho thooiy 
that spots nro cavities, though a necessary oonsoquoneo if they, llko tUo 
facidro, are masses floating at some olovallon abovo tho photoflpliciu 
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that direotly they may diminifili our heat-supply by 
about xt??rir whole* Whether this ofCcct would 

bo sensible or not, is a question not easily aiiswcrech 
But, while the direct effect would bo of this natni’O, 
it 18 quite probable that it is at least fully coniponsated 
by another of tlie opposite clmraetor. We get our ligljt 
and boat from the photosphere wliich is covered by an 
atmosphere of gases, and in tins atinosphoro a eonsider- 
able absorption occurs. Now, if the level of the photo- 
spliorio surface be disturbed, so that it is covered with 
waves and elevations of any considerable boiglit, ns 
compared with the thickness of the overlying atinos- 
phore,^ then, as Langley lias shown, the radiation will 
at once be increased ; since, while the absorption is in- 
croasGcl by a certain percentage for those portions of 
tliG photosphere which ai‘e dopressed below their ordi- 
nary level, it is much more decreased for those that are 
raised, 

■ The reason of this is that, when a himinona object 
is immersed in an absorbing inedimn it loses much 
more light for the first foot of submergence than for 
the second, and more for the second than for the tliird ; 
so that when it has reached a considerablo depth it re- 
quires an additional subincrgonco of many foot to di- 
minish its radiation as much as the first foot did. If, 
thoreforo, sun-spots are aocompanied hy considerable 
vortioal disturbance of the pliotosplioro, as is almost 
certain, we must have as a result an increased radia- 
tion on account of the disturbance, offsetting, more or 
loss entirely, the opposite offleet which is at first view 
most obvious. 

Then, again, it is altogothor probable tlmt spots are 
oitbor duo to, or accompanied by, an oruptivo action— 
the internal, and hotter, gases bursting through the pho- 
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tosplioro with unusual abundance during seasons' of 
spot-inaxiiniiin. This must necessarily tend to incroaSG 
the einission of lieat from tlie sun, and jmsSibly by a 
consiclorablo amount. But, on the other Iiand, any 
considerable increaso in the thickness of fcho' clironio- 
sjihcre, such as might result fi’om abundant arid long- 
continued eruption, would work in tho oppoMte direcs 
tion, - I 

It is impossible, therefore, to predict, apHoriy which 
effect will preclouiinato, or to srty wliethei^tlic ‘mean 
teinperaturo of the earth ought to be raised dr lowered 
during a sun-spot inaxiiniun ; and thus far no^com|mn- 
son of observations has settled the matter do: general 
satisfaetion. At least, no longer ago than 1*878, Balfour 
Stewart, who ought to know if any one, writds,'‘Mt ie 
nearly, if not absolutely, impossible, from the bhsorva- 
tions already made, to toll whotlier the sun bo liofefcar or 
colder, as a whole, when there arc most spots tm hia 
surface/’ > 

On the ono liand, Jeliuok, from all temperabiiro 
observations available in Gorniany up to 1870, found 
the influonco of Riin-spofs entirely inappreciable, (hough 
from the same observations ho did deduce iniiiiite effocts 
prochicGcl by the changca in the distance and phasa^of 
the moon. On tho other hand, Mr, Stone, while astro iro-^ 
mcr royal at the Cape of Good Hope, and Dr. Goiild, ill) 
South America* consider that tho observations takon at 
tboir stations show a distinct tliouglh slight diminution 
of tmiperakire at the time of a sim-spot maximum i? 
according to Dr. Gould the difference at Buenos Ayroa 
between maximum and minimum amounts to about 
IJ^ Fahi% Ho also considers that the meteorological 
records of tho Argentine Bcpublio between 1876 and 
1S8S show a distinct connection between^ tho BUri-spot^ 
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and the force and direction of the winds at tlic various 
stations. At the Cape of Good Hope, Mr. Stone finds 
the difference to be about three fourths of a degree 
from thirty years^ observations — at least, if wo rightly 
interpret \\h curve of temperatures, for it is not quite 
clear whajt unit of temperature is used in constructing 
his diagram. 

At Edinburgh, Pia^zi Smyth finds in the records 
of the rock thermometers a marked eleven-year pei*io- 
, dicity, of whicli tlie range amounts to about a degree 
(Fahr.), and the maxima, instead of coinciding with the 
sun-spot minima, come about two years behind them. 

On the whole, perhaps, as things now stand, it would 
be fair to say that there is a small balance of probability 
in favor Of the statement that years of sun-spot maxi- 
mum are a degree or so cooler than those of spot-mini- 
mum ; but the balance is very slight indeed, and the 
next investigation of somebody else may carry it to the 
Other side. ’ . 

' As regards the influence of sun-spots upon storms 
and rainfall, tlio evidence, if not entirely conclusive, as 
it is considered by Mr. Lockyer and some other high 
authorities, is at least considerably stronger. In 1872 ^ 
Mr. Meld rum, director of the observatory at the Man- f 
ritius, published a comparison between the number of 1 
cyclones observed in the Indian Ocean and the state of | 
the sun, and pointed out that the number cyclones | 
was greatest at the time of a sun-spot maximum. We 
quote his words Nature, ’Woh yi, p. 358): ‘^Taking 
the riiaxima and minima epochs of the sun-spot period, 
and one year on each side of them, and comparing the 
.number of cyclones in those three-ypar periods, we get 
the following i^oaults : 
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Subsequently Mr. Meldrum maclo moro oxtonstyo 
comparisons, including not only cyclones proper, but 
other great storms, and brings out oasentially the sanio 
results. At the same time it is to bo noted that tho 
yearly numbers vary enormously, and, on referring to 
liis second paper (^‘Nature,” vol. viii, p* dOC), it will bo 
found that the number for tho Biin-spot niaximiun, 
184^-^49, is only twenty-three, whilo tliat for tlio miiu*» 
mum, 1860-^08, is tweiity-ono, (Mr. Meldrum eoaxos 
tho first sun-spot maximum a littlo by using tho years 
1848-50 in Ins comparison ; rather unwarrantably, it 
would seem, since tho epoch of spot maximum ^vaa 
1848’1 : by using those years, ho gets twenty-six instead 
of twenty-three.) 

Tho variations from year to year are so oxtroino that 
it is sufficient to say that tlie observations can hardly bo 
considered as deiponstrativo without much fui'thor coin 
flrmation from other sources. 

Mr, Meldrum lias attempted to supjfiy tine confinna- 
tion by tabulating the rainfall at a number of stations 
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in and noar tho Indian Ocean, and obtains a result con- 
'll rniatorj on the wbolo, tliongli there are eevoral discrcp- 
tiiicics, Mr, Lockyer, from observations of tho rainfall 
tho Oape of Good Hope and Madras, gets corrobora- 
■ti VO ligures, 

Mr, Meldrum, in a still later paper pxiblislicd in the 
IMonthly Notices of tho Mauritius Meteorological So- 
eiQty/^ for December, 1878, discusses at length tlio 
I'ainfall of more tlmn fifty different stations in all parts 
of tho earth, and also the levels of many of the princi- 
pal European rivers. The discussion covers nearly all 
the available data from 1821 to 1807, It is only just 
to IMr. Meldruin to say that the treatment scorns to be 
Biifllciently thorough, perfectly fair, and tlie result on 
tile whole is in favor of his opinion that there is a real 
connection between the animal rainfall and tho state of 
tho solar surface, He finds the average rainfall for the 
Dai^th to bo about 38*6 inches annually; the range be- 
tween the maximum and minimum is about four inches ; 
niicl the rainfall maximum occurs about a year after tho 
sxiivspot maximum, thougli with a good deal of varia- 
tion at dillerejit stations. In some countries, indeed, 
and at some times (in the TTnited States, for instance, 
between 1831 and 1813), tho results conflict with tho 
theory, but the general accordance is striking, and scorns 
to warrant Ins concluding statement that mean 
rainfalls of Great Britain, the Continent of Europe, 
yVinerica, and India, as represented by all the returns 
that have been received, have, notwitlistaiiding anom- 
xHes, varied directly as Wolf’s sun-spot niiinhers have 
varied, and tho epochs of maximum and minimum rain 
tiavo nearly coincided witli those of tlie sun-spots. The 
rainfalls at five stations in tho soutlicru hemisphere, for 
slxortor periods, give similar results ” 
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Mr. Symons, from tlio British rainfall of the past 
one hundred and forty years, gets an ofpii vocal result* 
American stations, so far as they have boon tested, ai’o 
on the whole rather in opposition to thoBO of tho Indian 
Ocean, indicating somewhat less rain than iieiml duriiif^ 
a sun-spot maximum. But, as any one can see by con- 
suiting Mr. Symons’s paper in Nature,” vol. vil, ]>p. 
143-145, in which he has tabulated an immonso niimboi' 
of rainfall statistics, the evidence is oxtromoly eonfliot* 
ing- — altogether different in force and character from 
that which demonstrates tho magnetic infiiionco of solai^ 
disturbances. 

Still other attempts have been made to ostablish ft 
connection between sun-spots and various terrestrial 
phenomena. Thus, Dr. T, Moffat, in 18Y4, published 
results tending to show that in sun-spot years tho aver- 
age quantity of atmospheric ozone is soniowliat greater 
than during a spot-minimum. 

Another eminent physician, whoso name escapes uSj, 
endeavored, some years ago, to show that tho visitationa 
of Asiatic cholera are periodicah and that thoir period 
depends upon that of the sun-spots, being just onoe anA 
a half m long— ahout fifteen years. This ])oriodicifcy 
may be vQti\yperhajp8 but, if so, the fact that the choh 
era maxima are alternately synchronous with the max- 
ima and minima of tho spots, would bo Bufficiont to 
disprove the idea of any casual connection between tho 
phenomena. 

One of the most interesting of tho essays in this 
direction, is that of Professor Jovons, who sought to 
show a relation between sun-spots and comnioroial 
crises. Tlie idea is by no means absurd > ns some liavo 
declared — ^it is a mere question of fact. If sun-spots 
have really any sensible effect upon terrestrial meteor^ 
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ology, upon tcmporaturo, storms, and rainfall, they must 
tlius indirectly affect tho crops, and so disturb financial 
relations ; in such a delicate organization as that of the 
world’s coininorce, it needs but a feather-weight, rightly 
applied, to alter the course of trade and credit, and pro- 
duce a boom ” (if wo may bo forgiven the use of so 
convenient n word) or a crash. 

We have not timo or space to discuss Mr, Jevons’s 
paper, but must content oiirsolvos with saying that, to 
us at least, tlio facts do not seem fairly to warrant his 
conclusion. 

It can do no harm to roitorato and emphasize what 
was said a few pages back, that the question of sun-spot 
influence can not be considered settled ; and that the 
only method of deciding it is by a continuous series of 
careful observations, conducted specially for tho pur- 
pose, or at least conducted with reference to the con- 
ditions of the problem, since tho same observations 
would also bo useful as data for various other investi- 
gations. 

Wliile it is not at all unlikely that investigation 
will result in establishing some real influonco of sun- 
spots upon our terrestrial meteorology and dotormin- 
ing its laws, ifc is practically certain that this influonco 
is extremely slight, and so masked and veiled by other 
inffuencos more powerful that it is extremely diffi- 
cult to bring to light. 

SUK-SPOT raiiioinica. 

Naturally, tho remarkable plienomona of tho sun- 
spots have invited spooulatiou as to their causOp 

As has boon mentioned already, somo of the early 
obsorvors believed tho spots to bo planetary bodies cir- 
culating around the sun, very near its surface. This 
18 


fi 
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opinion Galileo unanswerably refuted by pointing out 
that in that case the spot, in its inoveniont around tlio 
Bun, ought to be visible less than half the time. He, 
oil the other hand, proposed the theory that they are 
clouds, floating in the solar atmosphere. 

This view, in one form or another, has since been 
held by many astronomers of great authority. Dcrliam 
believed these clouds to be eruptions from solar volca- 
noes, and in our own times Capocci has adojitod and 
maintained the same theory. Peters seems to have con- 
sidorod it favorably in 1840, at least so far as the vol- 
canic part of the hypothesis is concerned, while Kircli- 
holl seems to have assented to Galileo’s original opinion 
unmodifled. If the statement bo interprotod to mean 
tliafc sun-spots arc masses of cloudy matter, less luminous 
than the photosphere, and floating in^ not ahovOy the 
pliotosphero, probably a very largo proportion of the 
students of solar physics would to-day agreo to it. Gal- 
ileo, however, believed the spot-clouds to bo high above 
the shining surface, which we now know not to he the 
fact; for the observations of Wilson, in 1769, men- 
tioned a few pages back, and the whole body of obser- 
vations since then, have made it almost certain that the 
umbra of a sun-spot lies several Inmdrod miles below 
the level of the photosphere,* 

Lalando, however, was not cHsposod to accept Wil- 
son’s doctrine, and maintained that the sun-spots are 
the tops of solar mountains projecting above tho lumi- 
nous surface — ^islands in tho ocean of firo. In this hy- 
*pothosis the 'penumbra is accounted for by tlie shelving 
sides of the mountains seen througli tho Bcmi-trans- 
parent flame. It will be noticed that tho theories 

^ But wo must not overlook Mr. Ilowlott^s couolwslons (p. 12D), nor 
tho obsorvatloufl of B. ivilson tind lVost (iioto to p. 1'70), 
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already inontioncd^ as well as tluit of Sir William 
Ilcrschclj which wo must now prcsoiii, all pi’occed 
upon the assumption that the central core of the sun 
is solid. 

About the beginning of the present century, Sir 
William Herscliel, after a careful study of the facts, 
but much influenced by the belief that the sun must 
(for theological reasons) be a liabitablc body, in-oposed 
an hypothesis which stood nncliallcnged for nearly half 
a century, 

Fio. 48, 

PHOTO-SPHERE, 
PEMOMBRAlCtoaO. 

BODY OF SUN. 

W. Hj5U0OHki.*b Bun»Bi'ot Tiirohy. 

IIo supposed tlio contrfll portion of tlio sun to bo 
solid; its surface cool, iion-iuininous, and habitable. 
Around this be placed two envelopes of cloud — tho 
outer one, tho photosphere, inciUHlcscciit, blazing with 
unimnginablo fury ; the inner one nou-lnniinous, dark 
itself, but capable of reflecting light from its upper sur- 
face, and acting as a screen to protect tho underlying 
country from tho hctvt of tho photosphere. Tho spots 
ho supposed to bo caused by temporary o)ioning8 in 
tho clouds, through which wo could look down ii]iOu 
tho dark surface of tho central globe ; tho ])enumbrn 
being caused i)y tho intorinodiato cloud-layor, opening 
less widely than tho photosphere. Tlie flgurc illustrates 
this theory. As to tho cause of tho openings lie uttered 
no decided opinion, though suggesting tliat tlioy might 
be duo to volcanic eruptions, forcing their way uj) 
through tho higher ntmosphoro. 

His son, Sir John Horschcl, many years later, pro- 
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posed an explcanation wMcli would malco the spots to bo 
great whirling storms hoving down througli the i^hoto^ 
splierc and clouds, instead of eruptions pushing their 
way outward. According to him, the rotation of tlio 
sun catises an accumulation of the solar atinosphevo at 
the sun^s equator—a thickening of the layer which ob- 
structa tlie radiation of heat. This being so, there should 
be on the sun, as on the earth, though Cor an entirely 
different reason, a temperature liigher in the equal orial 
regions than elsewhere ; and then would follow a long 
train of consequences, among them these : the solar at- 
mosphere would bo disturbed by currents like the trade- 
winds on the earth 5 there would be stormy :5ones on 
each side the equator, and these storms would furnisli 
an explanation of the spots. 

To a certain extent, the cause adduced must actually 
exist. The sun’s rotation must necessarily thicken tlio 
atmosplieilc layer which overlies the j)hotos]diero (i. o.', 
it must, if the surfaces of the photospheife and feliromo- 
ephere can be regarded as Imcl surfaces), and tliis cause 
must tend to raiso the actual teinpcraturo of tlic sun’s 
equator, while at the same time it must diminish its 
radiation to the earth, and so render the solar equator 
apparenthj cooler^ as tested by our obsoiwations from 
the cartlu But, so far as can bo judged, tliis effect is 
quite insensible, as it should be, since the sun’s rotation 
is 80 slow ; and the motions of the spots show no 8 u 6 h 
systomatio drift north or south as solar trade-winds 
would necessarily produce. 

The older Herschel’s theory flatisfios all the tole- 
BGopic appearances of sun-spots quite as well, perlmjB, 
JIB any yet proposed. It breaks down in its assumption 
that the principal portion of the sun is a solid mass, en 
assumption which is now almost universally regarded 
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as incompatible with wlmt we know, of the solar tem- 
poratuvo, radiation, and constitution. 

It Bcoina to modern piiysicists an unavoidable con- 
clusion that tlio sun’s central mass must bo gnsooiia, or 
at least not solid. Setting ont with this idea, Faye and 
Seechi independently, about 1868 , proposed the theory 
that the spots are openings in the photosphere, thi'ough 
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wliich tlio intornal gases arc bursting outward. Wo 
pi’csont ono oi. Socchi^s iiguroa illustrating this view, 
JBut it was abandoned by its proposers ns soon ns it was 
clearly pointed out that in that case tlio spoctriun oi 
tho umbra of a sun-spot should bo composed of bright 
linos ; and Secchi himeolf and others had shown that it is 
not so at all, but a spectrum duo to inoreasod absorption, 
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and ]n’obably indicating, not an up-rush of heated gases 
throngli tlie photosphere, but a descent of cooler 
and less luminous matter from above* In this connec- 
tion the observations of the writer and of I)un 6 r may 
bo referred to (page 182 )* .But the theory has great 
vitality, .Mr, Proctor, in his Old and Now Astron- 
omy,^^ maintained it, and it continually turns up in 
the speculations of popular writers. About JSYO Zbil- 
nor proposed a peculiar theory which has many good 
points about it, but scorns obnoxious to fatal objec- 
tions, and has found very few dorendurs. lie concoivea 
the surface of the sun to bo liquid — a molten mass over- 
laid by an atmosidierc of vapor, Tina li(iaid surface ho 
imagines to bo here and there covered at times by slag- 
like masses of much lower radiating power, the result 
of local cooling. Around their edges the solar flames 
bni'st out with J’cdoubled fury, but at the center the 
cooler mass of scoria determines a downward current, 
ao as to establish a powci‘ful circulation in tho solar at- 
mosplicre— doMuiward at the center of tho spot, outward 
in all directions at the surface of the slag, upward all 
around its maigin, and inward, toward tho center, in 
tlio iij^per air. Tins theory admirably agrees with tho 
spectroscopic phenomena; but tho hypothesis of a con- 
tinuous liquid shell, cool enough to permit tlio forma 
tion of scorine, seems inconsistent with other plionom* 
enn, which make it impossible to admit bo low a tem- 
perature at 60 great a depth. 

At present, opinion, for tho most part, seems to be 
divided between two rival theories proposed by Fayo 
and Socclii. 

Faye conceives tho sun-spots to bo the effect of 
solar storms ; Sccehi believes them to be dense clouds 
of oruption-produots settling down into tho photo- 
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Bplicro neciT^ but not at^ the points where they were 
ejected. 

Faye, it will 1)e rememborod, suj^poaos the snn^s pe- 
cnliav law of rotation to be duo to the hypothotieul fact 
tlmt tlio ascending musses of vapors (which form the 
photosphere by their condensation) start from a stratum 
whoso deptli below the visible surface regularly diiniii- 
ishos from tlic equator toward tlie poles. Hence re- 
sult currents ])arallel to the equator, and the conse- 
quence is that, generally speaking, neighboring portions 
of the pliotosphcro have a relative drift. At the equa- 
tor and at tho polos this drift vanishes, but is most con- 
siderable in tho middle latitudes. Now, it is Faye^n 
theory that, in consequence of this relative drift, eddies 
are formed, as explained on a preceding page ; these 
eddies booomo cyclones or whirls precisely analogous 
to those seen in water where a rai^id current is ohstruot- 
cd by an obstacle. In such a case, as every one knows, 
tunnebshaped vortices are formed, down which floating 
materials and air are carried to considerable depths. 
Our terrestrial whirlwinds and tornadoes are produced, 
according to Faye (but in opposition to tho generally 
recoivod theories), in a eimilar manner, beginning from 
and penetrating downward until tho point of tho 
whirling vortex reaches and sweeps tho earth, Now, 
such a vortex, on tho sohu* scale, is the cssonco of a sun- 
spot, according to Faye. 

It is evident at once that this theory gives a reason- 
able explanation of tho distribution of tho spots in two 
parallel ssonos on each side of tho suu^s equator, and that 
tho drifting action, in which tho cause of tho spots is 
supposed to lie, is a oaum, 

Tho theory accords very well, also, witli tho phe- 
nomena which accompany the subdivision of spots, 
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since whirls in water and cyclonoa in t'ho torroatriai 
atmosphere behave in precisely tlio same sort of way. 
It fairly meets, too, the spectroscojjio inclieations. 'Pho 
cavity filled with descending vapors would imtnriilly 
give just such a kind of spectrum as that which is ortli* 
narily observed. Moreover, the gases carried down in 
the vortex below the photosphere, oapccinlly the hydro- 
gen, would boil up again all around the whirlpool, and 
thus we could aecount for the ring of huudm iind iiroin- 
incnces which, as a general rule, euvirons every spot of 
considerable magnitude. Some of the more obvious 
objeotious can also be easily disposed of. Tims, it 
has been said that, if the Bun-spots are such vorliooR, 
they ought to be circular in outline. Faye i‘oplios that 
we see, not the vortex itself, but a groat cloud of cioolor 
gases, sucked down from above and gathered into tlio 
storm from all sides, and the form of this cloud would 
depend upon a multitude of circuinsi:auco8. 

But there are other objections wliich are not so easily 
met. It the theory be true, all spots are whirls and 
ought to show a vortical motion, and, what is more, all 
spots north of the equator ought to whirl in the stuno 
djrectiou, and (zgatnst the hands of a watch (as soon 
from the earth), while those in tlie sun’s sou thorn liomi- 
sphero should revolve in the contrary direction, pro- 
cisely as cyolones do in the atmosplioro of the earth. 

How, this is not the case at all. As wo have soon, 
only a very small pereontago of tlio spots show any 
trace of vorticose motion; and, so far from ohsorving 
y uniformity in the direction of rotation on oaoh aide 
of the equator, we frequently find different moinborB of 
the same group of spots, or oven diJforont portions of 
the self-same spotj revolving oppositely, 

In fact, when we come to look into tho matter nw* 
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merically, wo find that tlio dvift^ which Faye iriaheB 
the determining factor of siin-spot genesisj is far too 
slight to produGG Buch effects. 

It is very easy to compnto this drift if wo assume 
tho correctness of Faye’s own formula for tlio motion 
of a point on tlio Bun^s surface in any given solar lati- 
tude, viz., Y' = 862' — ISG'sin^^; V' in this formula 
being the number of minutes of solar longitude passed 
over by any given point in twonty-four hours. 

If wo apply this formula to two points on the solar 
surface, one in latitude 20° and the other in latitude 
20° 1', i. e., about 123 miles north of tho first, wo shall 
find that the first has a daily motion of 810*242' and 
tho second 840*207', a difference of only ’036', or (in 
this latitude) 4*1'? miles. That is to say, if wo take two 
points on the solar surface, on tho Bamo meridian, in 
latitude 20°, at a distance of 123 miles, the one nearer 
the equator will, at tho end of twenty-four hours, have 
drifted about 4 ^ miles to the eastward of the other, 

If wo make tho same calculation for latitude 46°, 
we get a result a trifle greater — about 4^ miles per clay. 

With those figures it is easy to seo wliy tho sun-spots 
do not behave more like tlio disturbances of our terres- 
trial atmosphere, in exhibiting cyclonic motion as a 
regular and invariable charactoristic, instead of an occa- 
sional and ratlier a rare phenomenon. 

Seeclii^s latest theory is baaed cBBontially upon tho 
idea, certainly borne out by observation, that Grn)>tions 
are continually breaking through the photosphoro, and 
carrying up motallie vapors from tho regions beneath. 
Ho imagines that those vapors, after becoming consid- 
orably cooled, descend upon the photosphere and form 
depressions in it, whicli aro filled with those loss lumi* 
nous and absorbent matorials. It is difllcult to see why 



186 


THE SUN’. 


the effect should remain so persistent, or why, evon if 
the eruption be loiiff mainliiinetl, the eloiid sliouhl cnni- 
tinuo to descend in the same phuio. Tn fact, as was 
said only a low moments figo, ji spot is fjonerally sur- 
rounded by a ring of eruptions, mul lliinga (uko phum 
as if they were all pouring their cijeetioiiH into Iho wiiiio 
roeoptacle — as if there were, in I'ae.t, some siuili <]u\vii- 
ward auction through the center <»f the spot iw tluj tin-- 
ory of Faye supposes, an aspiration (iapahle of drawing 
in toward the spot all erupted nmtorials in tho vieiiiil 
The sun-spot theories of Locikycr and MehaidnM'In, 
already referred to on page 148 in connection with I In) 
explanation of tho ccpiatorial ncooleration of tho huh’m 
rotation, agree with this theory of Secehi’s in iitti'ilniting 
the spots to the downfall of inafcter from u great olo- 
vation. Schaoborle supposes it to ho matter Hiin|ily 
blown out by eruptions, some of ifc with force enough 
to carry it out oven to tho orbits of -Jupiter and Katiirii ; 
on its return it penetrates and chills the photospliui'o. 
Mr. Lockyej', if wo understand liiiri rightly, in Ids aiig- 
gestions which form tho closing chapter of tho “ Ohoin- 
istry of the Sim,” is rather disposed to think that the 
“iron” and such other substances ns hy tlieii' fall pro- 
duce tho spots aro formed hy tho union and eomhiniv- 
tion of thoir eloinontary constituonts, which have as- 
cended in a (hssooiated^^ condition to tho upjier rogioiia 
of the solar atmosphere. There, whore the toinporaluro 
38 no longer above tho “dissociation” point, tho nhuiiB 
recombine into molocnles of ii*on-vapor, otc. ; tho va[)OJ‘H 
condense into clouds and liquid innssos, and thoso de- 
scend upon tho photosphere. They ahsorh heat all tlio 
way down, by rovaporization and now dissociation cliill- 
ing the photosphere whore they pioi'co it and causing a 
splash or up-rush of tlio photospliorie matter and its 
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underlying gnsos all around tlio spot, whicli wo recog- 
nize as laculro, pro mi nonces and metallic eruptions. 
AccorcUng to these theories the iaciihe and onipt'ions 
are Gon^eqiicnces of tho formation of the spot: accord- 
ing to ScGchi jpTccede and cause it. It would seem 
easy to cleeido the question by observation, but it does 
not appear to bo so; on tho whole, however, the weight 
of Gvidenco is pretty strongly in favor of tho opinion 
that facnlto and pores and a general di8turt)anec of tho 
region are usually obvious before the spot inaiii fusts it- 
self ; and it must bo admitted tliat in some cases tbo 
appearances piizzlingly resemble tho cmorgcnco of a 
dark IjeneatK 

Probably both Lockycr and Schacberlc would chccr- 
fnlly accept Sir John llersclicrs tlicory to a certain ex- 
tent — that Bomo of tho spots may bo due to tbo fall 
upon tho sun of groat meteors from outer space, While 
it is hardly possible that, directly^ a meteor, such as wo 
know meteors upon tho earth, could by its fall produce 
oven a small sun-spot, it is not easy to say what might 
be the indirect oil’oets consequent upon its passage 
through tlio photosphere, and its disturbance of tho 
dynamical equilibrium. 

Tho writer somo time ago suggested a modification 
of Sccohi^s theory, which seems to remove somo of tho 
objections, and appears on tbo whole more probable 
than any of tho otlicrB. It may bo that tho spots are 
depressions in tho photospboric level, caused not directly 
by the pressure of tbo oniptod materials from above, 
but by dimimdion <>f v^ward bolow, 
in consoqueuGG of eruptions in tbo neighborhood ; tho 
spots thus being, so to speak, sinhs in the photosphere. 
IJndonbteclIy tlio photosphere is not a strictly continu- 
ous shell or crust, but it is hemy as compared with tho 
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uncondeneed vapors in which it lies, jnsfc as a rain-cJyml 
in our terrestrial atinospliero is heavier than the iiii*, 
and it is probably continuous enough to have its upl>tfr 
level affected by any dituinution of pressure hohjw. 
The gaseous mass below tlic pholosphei-o supports its 
weight and the weight of the products of eoiulonsaticut, 
which must always be descending in an incoiutoivrtblo 
rain and snow of molten and eryfitnllizod innlorial. To 
all intents and purposes, thougli nothing but a layer of 
clouds, the photospliere tlins forme a conslricting slndl, 
and the gases beneath are imprisoned and ooinprossofl. 
Moreover, at a high toniperatnro the viscosi ly of gneem 
is vastlj' increased, so that quite probably tho nialtor of 
the solar nucleus rosemblos pitch or tar in its couhimI.- 
ency more than what wo usually lliink of as u giie. 
Consequently, any sudden diipinution of pressure would 
propagate itself gradually from tho point whoro i(; oc- 
curred. Putting these things together, it would semn 
that, whenever a free outlet is obtained thi’oiigli tlic 
photosphere at any point, thus clooroasing tho inward 
pressure, the result would ho tho sinking of a jjoi'tioii 
of the photospliere somewlioro in the immediate neigh- 
borhood, to restore the equilibrium; and, if tho erup- 
tion were kept up for any longtli of time, tho doprossioii 
in the photosphere would contiuuo till tlio criipticpi 
ceased. This depression, iilled with tho overlying gustm, 
would constitute a spot. Moreover, tlie lino of. 
ture,if wo may call it so, at tho edges of tho sink would 
be a region of weakness in the photosjihovo, so Hint wu 
should expect a scries of eruptions all around iho spoh. 
Por a time the disturbance, therefore, would grow, amt 
the spot would enlarge and deepen, until, in spite of 
the viscosity of the internal gases, the oqnilihriuin of 
pressure was gradually restored bonoath. So far as wo 
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know the spectroscopic and visual phenomena^ none of 
them contradict tl)is hypothesis* 

As regards tho limitation of the spots to certain 
latitudes, this, as lias been said already, almost certainly 
will find its explanation in that of the equatorial accel- 
eration. T'aye, Belopolsky, Lockyer, and Schaeberle, 
all present such explanations. Sehaeberlo^s discussion 
of the subject may bo found in Astronomy and Astro- 
Physics,” for April, 1894 We shall have occasion to 
refer to it again in connection with the corona. 

Wliatcvor may bd the cause of spots, it is probable 
that the annexed figure gives a fair idea of the arrange- 
ment and relations of the, photospheric clouds in tho 
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neighborhood of one. Over tho sun’s surface gener- 
ally, these clouds probably liave tho form of vertical 
columns, as at aa» Just outsido the spot, tho level of 
the photosphere is usually raised into faoulte, as at J 5, 
These Xaculte are for the most part overtopped by 
eruptions of hydrogen and motallio vapors, ns indicated 
by^ tho shaded clouds. Of those metallic eruptions we 
shall have more to say in the cha|)tor upon the chromo- 
sphere and prominences, only remarking here that, 
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whilo tlio great clouds of hydrogen are found overy^ 
whore upon the sun, tliese sj^iky, vivid outbursts' of 
metallic vapors seldom oociir^ except just in the neiglu 
Ijorhood of a spot, and then only during its season of 
rapid change. In tlie penumbra of tlie spot tlio photo- 
spheric filaments become more oi* Jess neai’ly horizontal, 
as / in the umbra, at % it is quite uncertain what 
the true state of affairs may be. We have eonjocturally 
represented tlio filaments there as vortical also, but de- 
pressed and carried down by a descending cuiTont. Of 
coui’se, the cavity o o is filled by the gases wlucli overlie 
the photosphere ; and it is easy to soo tJmt, looked at 
from above, such a cavity and arrangement of tlio 
luminous filaments would iJresont the appearances actu- 
ally obsorvedp 

Oppolzor, of Vienna, in 1893 proposed a new theory 
based largely upon Hann’s roscarclios on the tompora> 
turo effects of vortical atmosplieric currents, Such eiir^ 
rents are suj)p 08 ed to rise periodicp^lly fropi the polar 
regions of the sun, to drift slowly toward its equator, 
and to descend in the spot zones, leooirmig heated md 
d}^ 2 ed in ilieiv descmity thus forming in the photo- 
spliore cavities which are filled with metallic vapors in 
jniroly gaseous condition. 

In many ways the tlicory admirably corresponds 
with facts, explaining better than any other the peculiar 
character of the sun-spot spectrum, Spooror’s law of 
sun-spot latitudes, and the otherwise puzzling observa- 
tions of Langley and Frost upon sun-spot tomporatiiros 
(page 170, note), But the polar streams themselves are 
unaccounted for, aud it remaiuB to bo soon how this 
moteorologicaP^ theory will withstand other adverse 
criticisms. 
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THE onBOMOSPnEi^:B: aep the i^hohihehoes. 

Surly Obflorvntlons of Ohromospliero and Prominoncca. — Tlio EcIipacB oTl 
18‘12, 1851, and 1860. — Eclipao of 1868. — Discovery of Janssen 
and Loebyor. — ^Arrangoment of ypootroscopo for Observations upon 
Chromosphoro. — Spectrum of Chromosphere. — Lines always present. 
— Lines often rovcracd. — Ultra-Violet Studies of Halo and Dcb- 
Inndrea. — Motion Porms. — Doublo Roversul of Linos. — Distribution 
of Pi'omlnoncoa.—MftgiiHudo. — Olassiiication of Prominences ns qiii- 
eseontj and eruptivo or metal Ho. — Isolated Clouds. — Violence of Mo- 
tion,— Obscrvntioiia of August 6, 187 2. — ^Theories as to the Ponxin- 
tiou and OnUBcs of tho PromiiionccB* 

What we see of the sun under ordinary circum- 
stances is but a fraction of liia total bulk. While by 
far the greater portion of tho solar mass is included 
within the photosphere — the blazing cloud-layer, which 
seems to form tho sun’s true surface, and is tlio princi- 
pal source of Ins light and heat — ^yet tlie larger portion 
of his whwie lies without, and coiistitutos an atmos- 
phoro whoso diameter is at least doublo, and its bulk 
thoroforo sevenfold that of tho central globe. 

Atmosphere, however, is hardly the proper term ; 
for this outer envelope, though gaseous in tho main, is 
not splierical, hut has an outline exceedingly irregular 
and variable. It seems to he made up not of overlying 
strata of difforoiit density, but rather of flames, beams, 
and sti’eamers, as transient and unstable as tlioso of our 
own aurora borealis. It is divided into two portions, 
separated by a boundary as dofinito, though not so 
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regular, as that winch parts them both from the photo^ 
sphere* Tlio outer and far more extensive portion, 
which in texture and rarity seems to resemble the tails 
of comets, and may almost, without exaggeration, he 
likened to ‘Hhe stuff that dreams are made of,^^ is 
known as the “coronal atmosphere,” since to it is 
chiefly due tlie “ corona” or glory which surrounds tlie 
darkened sun during an eclipse, and constitutes the 
most impressive feature of the occasion. 

At its base, and in contact with the photosphere, is 
what resembles a sheet of scarlet fire* The appearance, 
winch probably indicates a fact, is as if countless jets 
of heated gas wore issuing through vents and spiracles 
over the whole surface, thus clothing it with flame 
which heaves and tosses like the blaze of a conflagra- 
tion — like a prairie on fire,” to quote the vividly de- 
scriptive phrase of Professor Langley* 

Till 8 has received the name of chromosphere, a 
designation first proposed by Prankland and Lockyor 
in 1869, and signifying “ color-sphere,” in allusion to 
the vivid redness of the stratum, caused by the pre- 
dominance of hydrogen in these flames and clouds, It 
was called the “ sierra ” by Airy in 184:2, and Proctor 
and some other writers prefer that name to the later 
and more common appellation* 

Here and there masses of this hydrogen mixed with 
other substances rise to a groat height, ascending far 
above tlio general level into the coronal regions, where 
they float like clouds, or are torn to pieces by contend- 
ing currents. Those cloud-masses are known as solar 
“prominoncos,” or “protuberances,” a non-committal 
sort of a])pe]lation applied in 184:2, when they first 
attracted any considerable attention, and while it was 
a warmly-disputed question whether they were solar, 
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lunar, plionoinena of our own atnios 2 )liorG, or even mere 
oj)tical illusions. It is unfortunate that no more ai)pro- 
priate and griijdiic name has yot been found for objects 
of such wonderful beauty and interest, 

Until recently, the solar atmosi)here could be seen 
only at an eclii)SO, when the sun itself is hidden by the 
moon. Now, however, the si^cctroscopo has brought 
the cliromosphore and the i)rominencGs within the range 
of daily observation, so that they can bo studied with 
nearly the sanio facility as the spots and facula^, and 
a frcsli field of groat interest and importance is thus 
opened to scionce. 

T It scorns hardly j) 08 sihle that the ancients should 
have failed to notice, even with the naked eye, in some 
one of the many eclipses on record, the preseneo of 
blazing, star-liko objects around the edge of the moon, 
but we find no mention of any thing of tlic kind, al- 
though the corona is dcBcribed as wo see it now. On 
this ground some have Bin‘niised that tlio sun has really 
undergone a change in modern times, and that the 
chroinosphoro and j^romincncoB aro a now development 
in the solar history. But such mere negative evidence 
is altogether insulHciont as a foundation for so impor- 
tant a conclusion*. J 

Tlie earliest recorded observation of the jwoininonces 
is probably that of Tassonius, a Swedish astronomor, 
wlio, during the total colipso of 1733, noticed three or 
four Binall pinkish clouds, entirely detached from the 
limb of the moon, and, as ho supposed, floating in tlio 
lunar aimosplicro, At that time this was tlio most 
natural interpretation of tlio appearance, since the fact 
Uiat the moon has no atmosj^horo was not yet ascer- 
tained . 

The Spanish admiral, Don Ulloa, in his account of 
U 
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the oclipiae of describea a point of red light wMoh 
made its appearance on the western limb of tlie moon 
about a minute and a quarter before the emergence of 
tlie sun. At first small and faint^ it grew brighter and 
brightei' until extinguished by the returning sunlight* 
He supposed that the phonomonon was caused by a 
hole or fissure in the body of the moon j but, with our 
present knowledge, there can ho little doubt tliat it waja 
simply a prominence gradually uncovered by her motion* 
The chromosphere seems to Jiave been seen even 
earlier than ithe prominences : thus Captain Stannyan, 
in a report on the eclipse of lYOfl, observed by him at 
Berne, noticed that the emersion of the sun was pre- 
ceded by a blood-red streak of light, visible for six or 
seven seconds upon the western limb* Halley and 
Louville saw the same thing in 1716, Ilalloy says that 
two or throe seconds before the emersion a long and 
very narrow streak of a dusky but strong red light 
seemed to color the dark edge of the moon on the 
western edge where the sun was about to reappear. 
Louvillo’s account agrees substantially with this, and 
lie further describes the precautions ho used to satisfy 
himself that the phenomenon was no more optical illu* 
sion, nor duo to any imperfection of his toloscopo* 

In eclipses that followed that of 1783, the chromo- 
sphere and prominences seem to have attracted but lit- 
tle attention, oven if they wore observed at all. Some- 
thing of the sort api)cars to have been noticed by Ferrers 
in 1806, but tlie main intei’cst of his observation lay ip 
a diJieront direction. j 

In July, 1842, a great eclipse occurred, and tlijs 
sliadow of the moon described a wide bolt running 
across southern France^ noHhern Italy, and a portiop 
of Austria. The eclipse was carefully observed 
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many of the most notocl astronomers of the world, and 
so completely had previous observationB of the kind 
been forgotten, that tlio 2)roininenccs, wliich appeared 
tlicn witli great bialliance, wore regarded with extreme 
surprise, and bocaine objects ot warm discussion, not 
only as to their cause and location, hut oven as to their 
very existence. Some thought thorn inoiintaihs upon 
the sun, some that they wore solar flames, and others, 
clouds floating in the sun’s atmosphere. Others re- 
feiTed tliom to tlie moon, and yet others claimed that 
they were mere optical illusions. At the eclipse of 
1861 (in Sweden and Norway), similar observations 
were repeated, and, as a result of tlio diseusflions and 
comparison of observations wliicli followed, astl'onomors 
generally became satisfied that the prominences avo real 
phenomena of the solar atmosphere, in many respects 
analogous to our terrestrial clouds; and several camo 
more or less confldently to the conclusion, now known 
to be true (see Grant’s ‘^History of Physical Astrono- 
my ”), that the sun is entirely surrounded with a con- 
timloua stratum of the same suhstanco. Many, how- 
ever, remained unconvinced : Faye, for instance, still 
asserted them to be more optical illusions, or mirages^ 

In the eclipse of 1800 , photography was for the first 
time employed on such an occasion witli anything like 
success. The results of Secclii and Do La Rue removed 
all remaining doubts as to the real cxiBtonco and solar 
ohavaeter of the objects in question, by oxliibiting'^ern.' 
upon their plates gradually covered on one side 
coverod on the other side of the sun by the of 

the moon. ' 

Secclii thus siirnS up Ins oonclusiouH, which have 
been justified in almost all their details by later obser- 
vations ; they require few and slight eorroctions : . ' 
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“ 1 , The proniiHcnecs aro not more optical illusions 5 
they are real phenomena pertaining to the sun. . . . 

2 . The prominences are collcotions of liuninons mat- 
ter of great brilliance, and possessing roinarkablo pho- 
tographic activity. This activity is so great that many 
of them, which are visible in oin* photographs, could 
not be seen directly even with good instruments. 

3. Some protuberances float entirely free in the so- 
lar atmosphere like clouds. If they aro variable in form, 
their changes are so gradual as to bo insensible in tJio 
space of ten minutes. (Clonorally, but by no means al- 
ways, true.) 

4. Besides the isolated and conspicuous ju'otuber- 
ances there is also a layer of the same luminous sub- 
stance which surrounds the whole sun, and out of which 
the protuberances rise above the general level of the so- 
lar surface. ... 

5. The number of the protuberances is indefinitely 
great. In direct observation through the tolescopo tho 
sun appeared surrounded with flames too nuinorous to 
count. ... 

6 . The height of the protuberances is very groat, 
especially when we take account of tho portion hidden 
by the moon. One of them had a height of at least 
three minutes, which indicates n real altitude of more 
than ten times the earth’s diameter. ...” 

But their nature still remained a mystery j and no 
one could well he blamed for thinking it must alwaye 
remain so to some degree. At that time it could hai'd- 
ly he hoped that wo should over bo able to ascertain, 
their chemical constitution, and measui’o tho velocities 
of their motions. And yet this lias been done. Before 
the great Indian eclipse of August 18, 1868, tho spec- 
troscope had been invented (it was, indeed, already in 
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its infancy in 186 0 ), and applied to astronomical rosearcli 
with the most astonishing and important results. 

Every one is more or less familiar with the story of 
this eclipse. ITorschol, Tennant, Pogson, Rayot, and 
Janssen, all made substantially the same report. They 
found the spectrum of the prominences observed to con- 
sist of bright lines, and conspicuous among tliem were 
the lines of hydrogen. There were some serious diS' 
crepancies, indeed, among their observations, not only 
as to the number of the bright lines scon, which is not 
to he wondered at, but as to their position. Thus, 
Rayot (who saw more linos than any one else) identified 
the red line observed witli B instead of 0 ; and all tlic 
observers mistook tlie yellow lino they saw for that of 
sodium. 

Still, their obsorvations, taken together, completely 
deinonstratod the fact that tlio prominences are cnoi*- 
mous masses of higlily-hcatod gaseous matter, and that 
hydrogen is a main constituent, 

Janssen wont furtlior. The linos ho saw during tlio 
ecHi)8o wore so brilliant that ho felt sure he could soo 
them again in the full sunlight. lie was prevented by 
clouds from trying the experiment tlic same afternoon, 
after the close of the eclipse 5 but the next morning the 
sun rose unobsciirod, and, as soon as lie had completed 
the iiocdssary adjustments, and directed liis instnimont 
to the ])ortion of the sun’s limb whore tho day bofovo 
the most brilliant promiiienco appeared, tlio same linos 
came out again, clear and bright ; and now, of course, 
there was no difiiculty in determining at leisure, and 
with almost absolute accuracy, thoir position in tho 
spectrum. Ho immediately confirmed his first conelu- 
sion, that liydrogon is the most conspicuouB component 
of tho prominonoos, but found that the yellow lino must 
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be referred to some other element than sodhim, being 
BOinewhat more refrangible than the D lines. 

He found also that, by slightly moving his tolcscopo 
and causing the image of the sun’s lijnb to tftko diircront 
positions with reference to the slit of liis spectroscope, 
he could even trace out tho form and inonsuro tlio 
dimensions of the j)rominonce8 ; and ho remained nt 
his station for several days, engaged in those novel and 
exceedingly interesting observations. 

Of course, he immediately sent homo a I’oport of liis 
eclipse-work, and of his now discovery, but, ns his sta- 
tion at Gnntoor, in eastern India, was farther from 
mail communication with Europe tlian those upon tho 
western coast of the peninsula, his letter did not reacli 
France until some week or two after tho accounts of 
the other observers; wlien it did arrive, it came to 
Paris, in company with a communication from Mr. 
Lockyer, announcing tho same discovery, made inde- 
pendently, and even more creditably, since with Mi*. 
Lockyer it was not suggested by anything ho had seen, 
but was thought out from fundatnental principles. 

Nearly two years previously tho idea had occurred 
to him (and, indeed, to others also, though ho was tho 
first to publish it) that, if tho protuhoraucos are gaseons, 
BO as to give a spectrum of bright linos, those linos 
ought to bo visible in a spectroscope of sufficient power, 
even in broad daylight. Tho principle is simply tliis : 

Under ordinary circumstances tho protuboranoes arc 
invisible, for tho same reason os tho stars in tho day- 
time ; they are hidden by tho intonso light roflootod 
from the particles of our own atmospliere near tho 
sun’s place in tho sky, and, if wo could only Biifflciontly 
weaken this aSrial illumination, without at the same 
time weakening their light, tho end would bo gained 
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And the speotroscopo accomplishes precisely this verj’ 
thing. Since the air-light is reflected snnshino, it of 
course presents the same spectrum as sunlight, a con- 
tinuous band of color crossed by dark lines. Now, tliis 
sort of spectrum is greatly weakened by every increase 
of dispersive power, boeauso the light is spread out into 
a longer ribbon and made to cover a more extended 
area. On the other hand, a spectrum of bright lines 
undergoes no such weakening by an increase in the dis- 
persive power of the Bpeclroscope. The bright linos 
are only more widely separated — not in the least dif- 
fused or shorn of their brightness. Moreover, if tlio 
gas is one which, like hydrogen, shows divrh lines in 
the ordinary solar spectrum (and therefore in that of 
the air-liglit), the case is oven better: not only is the 
continuous spectrum of the nir-light weakened by the 
high dispersion, but it has dark gaps in it just whore 
the bright lines of the prominence spectrum will fall. 

If, then, tlio imago of the sun, formed by a loloscope, 
bo examined with a spcctroscopo, one might hope to 
see at the edge of the disk the bright lines belonging 
to the spectrum of the prominences, in ease they arc 
f really gaseous. 

Mr, Lockyor and Mr. Huggins both ti’iod the experi- 
ment as early as 1807, but without sneccss ; partly bo- 
cause tlioir instrumonts had not Buflieiont power to bring 
out the lines conspicuously, but more because they did 
not know whereabouts in the spectrum to look for them, 
and were not even sure of their oxislence. At any rate, 
as soon as the disoovoiy was annonneed, Mr. Huggins 
immediately saw the lines without difficulty, with the 
same instrument which had failed to show them to liim 
before. It is a fact, too often forgotten, that to por- 
coivo a thing known to exist does not require one half 
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the instrumental power or ncutonoss of Bonso as to difi- 
cover it. 

Mr. Lockyer, immediately after hie suggestion was 
published, had sot about procuring a suitable inetriimoiit, 
and was assisted by a grant from tlio treasury of tlie 
Royal Society. After a long delay,' consequent in part 
upon the death of the optician who had iirst under- 
taken its construction, and partly duo ' to otlieh causes, 
he received the new spectroscope just as tlie report of 
ricrschel’s and Tennant’s observations reached England. 
Hastily adjusting the instrument, not yet entirely com- 
pleted, he at once applied it to his toloscoiio, and -with- 
out difficulty found the lines, and vorifiod their position. 
Ho immediately also discovered ' them to l)e visible 
around tlie whole circumference of tlio sun, and conse- 
quently that the protuberances are more extensions of 
a continuous solar envelope, to which, ns moiitioncd 
above, was given the name of C]iromosi)lu)re. (He doofl 
not seoin to have been aware of tlic earlier and similar 
conclusions of Arago, Grant, Sceehi, and others.) Ho 
at once communicated his results to the Royal Society, 
and also to the French A.eadomy of Sciences, and, l')y 
one of the curious coincidences which so fi-oquojitl'y 
occur. Ins letter and Janssen’s were read at the satuo 
meeting, and within a few mimites of each other. 

The discovery excited the gronlost ontlmsiasm, and 
In 1872 the French Government struck a gold modal 
in honor of the two astronomers, bearing their united 
effigies. 

It immediately occurred to sovoi-al observers, Jans- 
sen, tockyer, Zollnor, and others, that by giving a rapid 
motion of vibration or rotation to the slit of the bjjoc- 
troscopo it would be possible to porcoivo the whole con- 
tour and detail of a protuberance at onco, but it scoins 
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to bavo been rosorved for Mr. Huggins to bo tlio first 
to show practically tlmfc a still simpler dovico would 
answer the same purpose. With a speotroscopo of suf- 
ficient dispersive power it is only necessary to widen 
the slit of the instrument by the proper adjusting screw. 
As tlie slit is uddcncd, more and more of the protuber- 
aneo becomes visible, and, if not too largo, the whole 
can bo scon at once ; with the widening of the slit, liow- 
ever, the briglitness of the background increases, so 
that the finer details of the object ai'o loss clearly seen, 
and a limit is soon reached beyond wliich further widen- 
ing is disadvantageous. The higher the dispersive pow- 
er of tlio spectroscope the wider the slit that can bo 
used, and tlio larger the protuberance that can be exam- 
ined as a whole — within certain limits, liowcver. It is 
not (HfBoult with our latest spectroscopes, diffraction 
instruments especially, to roach a dispersion so groat 
that oven the 0 line becomes broad and hazy, like the 
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nvofliNR'a FnwT OnsRKVAxioN or a Phominknok in Kum. SiiwBitiNit. 

h linos in an oi‘cli,nary instnimont. In that case each 
luminous point in the prominonco itself is roprcsontccl 
in tlio imago of the prominonco, net by ft point, as it 
shonlcl 1)6 to give clear definition, but by (i si/realc at 
right angles to tho spectmin lijios. 

Mr. Huggins’s first successful observation of tho 
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form of a solar protnberanco was made on Fobniary 13, 
1809. Fig. 40, copied from tlie “ rrococdiiigB of tlio 
Royal Socicfc}',” presents liis delineation of wliat ho saw. 
As his instrument had only the dispersive luiwor of two 
prisms, and included in its iiekl of view a large portion 
of the spectrum at once, lie found it noc(!Ssary to sup- 
plement its powers by using a rod glass to out oil: stray 

FiO. il . 




Spsotkosqoi'k, Train ov 

light of other colors, md by inserting a diapliragm at 
the focus of the small telescope of the S])ociro8copo to 
limit the field of view to the portion of the Rpoctniin 
immediately adjoining the 0 lino. With tlio instru* 
ments now in nso, these precautions aro seldom ncces- 
sary. 

It may be noticed, in passing, that Mi*. Ilnggins had 
previously (and has subsequently) mado many experi- 
ments with different absorbing modiaj in lio ])08 of find- 
ing some substance which, by cutting off all liglit of 
other color than that omitted by the promi nonces, should 
render them visible in the telescope ; thus far, howovor, 
without success. 

The spcctrosGopes used by different astronomers for 
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observations of tins sort dilfor greatly in form and 
power. Fig. ‘17 represents the one long used at the 
Shattuek Observatory ot Dartmouth College, and sev- 
eral of our Amoriean obsesrvatorios are supplied with 
instruments similarly arranged. The light passes from 
the collimator tlirougli the train of prisms y), near 
their bases, and, by'^ two rolle(‘vtiou8 in a rectangular 
prism, is transferred to the upper story, so to speak, 
of the prism-train, and made to return to tlic telescope 
t, finally reaching the eye at e. It thus twice traverses 
a train of six prisms, and the dispersive power of the 
instrument is twelve times as groat as it would be with 
only one prism. The diameter of the collimator is a 
little loss than an inch, and its length ten inches. The 
whole instrument only weighs about fourteen pounds, 
and occupies a space of about 16 in, X 0 in. X 6 in. 
It is also automatic^ i, o., the tangent screw m keeps 
tlio train of prisms adjusted to their position of min- 
imum deviation by tbe same movement which brings 
the dilloront portions of the spoctnim to the center of 
the field of view, and the milled head /focuses both 
the collimator and telescope simuUanooiisly. 

The 6poctrosco])o is attached to tlio ecjuatovial tele- 
scope, to which it belongs, by means of tho clamping 
j'ings ay a. - These slide upon a stout metal rod, firmly 
fastened to thoftoloseope in such a way that the slit Sy 
of tho instrument, can bo placed oxactly at tbe focus of 
tbo object-glass, whore tho image of the sun is formed, 
This iiistrumont, attacliod to tho toloscopo, has already 
boon figured upon page 74-, 

Instruments in which tlic prism-train is replaced by 
a (liltraclion-grating are still more powcrEiil ; and more 
convenient also, sinco tbo observer has tho great advan- 
tage of being able to soloct, within certain limits, the 
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amount of dispersion best suited to his purpose by aim^ 
ply turning tlio grating so as to utilizo the different 
orders of spectra — an operation easier and more rapid 
than that of rearranging the prism-train. Diffraction 
spectroscopes have, however, one sliglit disadvantage. 
When used with the open sHt* the forms of objects seen 
through the slit arc somewhat distorted, being oitlier 
compressed or extended in a direction at right angles 
to the slit. When the grating is so placed tliat the 
inclination of its surface to the viow-tclcscopo is greater 
than to the eolliinator (as in the figure on page 08), 
compression occurs. In this case, the edge of the slit 
being placed tangential to the siin^s limb, as is usual, 
prominences on the edge of tho sun appear to have their 
height reduced. Of course, tho reverse takes place when 
the grating is placed the opjiosito way. This distortion, 
however, is of little importance, as its amount is easily 
calculated and allowed for when nocessai’y.* A similar 
distortion is produced by prismatic spectroscopes wlion 
the prisms ai'o not adjusted strictly to their position 
of minimum deviation. 

Tlie cliffVaction instruments, whicli the writer is ac- 
customed to use for solar observations at Princeton, 
have already been figured on pages G9 and YO. 

With a toloscojio of not less than four inches apor- 
turo, oquatorially mounted, and a spectroscope of dis- 
persive power not less than that of five or six ordinary 
prisms, tlie observer is equipped for tho study of tho 
cliroinosplioro and prominences. Ho may cither study 
the spcotrnm as such, using the instrument with a nar- 

* Tho formula for tho oaloulation is simply II = A lu wlUoh 11 

is the ivm liolglit of tho object scon tlirough tho slit; h is its apparent 
height, and ^ and i aro tho Inolinationa of tho surface of tho grating to 
tho collIiTintor and viow-tclcscopo respectively. 
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row Blit, or ho may employ ib with widonotl slit simply 
as a moans of viewing the prominences and studying 
their forms and changes, and, so far as this goes — the 
study of forms and changes — very little is gained hy 
largo telescopes and high dispersion. The writer has 
never had finer views of prominences than those fiii'- 
nishod by the old Dartmouth tclcspoctroscopo. When 
it comes, however, to the study of minute details, esjie- 
cially details of the speclrum, then large instrumeuls 
are indispensable. 

BPEOTRUM OF TUB OlIKOMOSVinSUE ANIl PROMINENaES. 

The 8]iectra of the chromosphere and ])rominencos 
are very interesting in their relations to that of tho 
photosphere, and present many peculiarities which are 
not yet fully explained. At times and in places whore 
some special disturbance is going on — fi'cquontly in tho 
neighborhood of spots at tho times when they are just 
passing around tho limb of tho disk — tho spectrum, at 
the base of tho chromosphere, is very complicated, con- 
sisting of hundreds of bright lines. In tho course of a 
few weeks of observation at Sherman in 1 812, the writer 
made out a list of two hundred and soventy-threo, and 
more recent observations have added largely to tho 
number — at least fifty lines within tho limits of the 
visible Bi)octrnm, and, hy photography, at least eighty 
in tho ultra-violet. Tho majority of the lines, how- 
ever, are scon only occasionally, for a few minntes 
at a time, when bho gases and vapors, which generally 
lie low, mainly in tho iutersticos of tho clouds which 
eoustituto tho photosphoro, and below its upper surface, 
are elevated for the time hoing by sopie eruptive aotion. 
For tho most part, iho lines whieli ap)war only at such 
times are simply “reversals’* of tho more prominent 
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dark linos of tlio ordinary solar spectrum. But the se* 
lection of the lines seems most capricious; one is taken, 
and another loft, tliough holongiiig to the same oloment, 
of equal intensity, and close beside the Jirat. It is evi- 
dent that the subject needs a detailed and careful study, 
combining solar observations with laboratory-work upon 
the spectra of the elements coueeriicd, before a satis- 
factory account can bo given of all the peculiar behav- 
ior observed. 

The linos composing the true chromosphere spec- 
trum, if we may call it so (that is, those which arc 
always observable in it with suitable appliances), are 
not very numerous, and we give the following list, 
designating them by their wavG-leiigth, as given by 
liowland : 


7065m 
% 6563-05, 0. 

8. 687B'08, Da, (oiose doublo). 
4, 6810*87. Tho corona-lino, 

6 . 4861 m li'. 

0, 4<(71‘80, /. 

7. 4840-66, ff (near G), 

8. 4101*86, k 

9. 8070*20 (In II). 

10, 8008-60, II, 

11, S038‘80, K. 


IloUum, 

Hydrogen 

lloliuin. 

Coroninm,” ? 
Hydrogen (11/3), 
lIcHnni, 

Jlydrogon (H 7 ), 
Hydrogen (II5), 
Hydrogen (He). 
Calelmn. 
(Jalclum, 


The first line is generally very difficult to see, though 
sometimes pretty conspicuous. It is in tho rod, between 
B and and has a very faint corresponding dark lino. 
No, 3 Jias no dark lino corresponding as a usual thing, 
though occasionally ono appears, especially in the neigh- 
borhood of sun-spots. No, 9 is quite within tho broad 
slinclo of the H-Hne, which thus appears double in tho 
chromosphero spectrum, ? 

The eleven lines nioutioned above are invariably 
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present in the spectrum of the clironiosphero ; a ranch 


larger number make their 

provocation. 

Tlioy aro : 

1'. 0078 2. 

Ilollum, 

2'. 048 1'L 

Iron, 

8'. fll41'fl. 

Barium. 

4'. 6890'2, Di. 

Sodium. 

B'. 6800'2, Dq. 

^sodium. 

O'. BSOO'O. 

Ivon. ? 

5284-0. 

Titanium ? ? 

8'. B270,2. 

Chromium, ? 

O'. B234'7. 

Hangnneso, 

10'. B108-2. 

P ? 

11'. B183'8,ii. 

MftgncBlum. 

12'. 5172-0, 6.J. 

Mngiicsiuin, 

13'. BlOO-2, Ji. 

Iron. 

14'. BIOVO, h,. 

Hagnesium. 

IB'. B018-0. 

Iron. 

10'. 6016-8. 

Helium, 

ir. 4084-8. 

Barium. 


appcaranco 

on very slight 

18’. 4924-1. 

Iron. 

19'. 4922-3. 

Ilolium. 

20'. 401U-Y 

Iron, ? 

21'. 4900-3. 

Barium. 

22’. 4684-1. 

Iron, 

28'. 4B01-4. 

Titanium, 

24'. -1491-6. 

^langmiGBO. 

26'. 4490-2. 

Mmigmicso. 

20'. 4409-6. 

Iron. 

27'. 4246-6. 

Iron, 

28'. 4280-1. 

Iron, 

20'. 4283-8. 

Iron, 

30'. 4220-0. 

Calolum, 

81'. 4216-7. 

Strontium, 

82'. 4077'9. 

Oalolum, 

88'. 4020-0. 

IlGllum, 

34'. 8880-1. 

Hydrogen (Hf)* 


It is not Intondod, however, to intimate that, if one 
of those appears, all of them will do so, nor that they 
are equally oonspicuouB or equally common. To a cer- 
tain degree, also, thoir selection by the writer is arbi- 
trary, for there are neaily as many more wliich are seen 
pretty frequently, and some of thorn may very possibly 
bo found horeaftor to dosorvo a place upon the list 
ratlior than some that have been included. 

It requires careful rnanipnlation to bring out the 
fainter and finer linos satisfactoilly. The slit must be 
adjusted with oxtrome care to the focal piano of the 
rays under examination, placed tangential to the solar 
imago, and brought exactly to the edge of the disk. A 
thousiinth of an inch in its position will often make the 
whole difleronco between a snecoesful operation and its 
failure, and oven a sliglit unsteadiness of the air will 
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diininisli tlm iiuniber of bright lines visible by at least 
one half. 

As tlio majority of the lines are developed only by 
more or less unusual disturbances of the solar surface, 
it naturally happens that oho very often finds them dis^ 
tortccl or displaced by the motions of the gases along 
the line of sight (toward or from the observer), as ex- 
plained in a previous chapter, producing what Lochyer 
calls ‘‘ motion-forms.’^ Occasionally, also, we meet with 
double reversals,” so called^ especially in the lines of 
magnesium and sodium, ^Th^ (dark) linos of these sub- 
^stances are rather wide in the solar spectrum. When 
reversed in the chromosphere spectrum, the plionomo- 
non usually consists of a thin bright line down the cen- 
ter of the wider dark band : in a double reversal the 
bright line widens and a fine dark line appears in its 
center, so that we have a central dark line, a bright one 
on each side of it, and outside of the bright linos a dark 
shade on both sides. Fig. 48 represents such a double 
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reversal of the Ddines observed by the writer on several 
occasions in 1880. The phenomenon seems to be dno 
to the presence of an unusual quantity of the vapor at a 
considerable density, and is the precise correlative of 
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wlmt is Koinotiines Kcon in tho spcetmiu of a BotUuni* 
ilaino* Tlio two I)4iiioa of Budiiiin each beooincfl ifcsolt 
(lonblo, BO that wo get pairw of bright liiioH in place of 
Bingle liuefi. The oloetrio arc ol'loii hIiowb tluB fltill 
more iincly. 

Ai tliu huBo of a proininoiieoj tlio 0, b', IT, uiul K 
linoB are almaj.^ thus doubly roverHctl. Fig. dl) is from 
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a venont pliologriiph of the (.Mine obliiiiicd at Frinco- 
ton, by Mr. lioed, wiih the largo loloHctopo and Bpoctro- 
Booim. The nlU waa (angontiiil to tlio Huidn limb. Of 
oouiwe, an iHocdiroinatic idato and a long expotturo wore 
roipiinMl to gut Biicb an iniproaHion froni tlio “niby 
light” of ibat]>art'or tlio H]me.triim, ‘Wlmu iho wlit is 
adjustcul to uroHH the HUidn liitib vndiuUy the bright 
linoH wliere tliey prinjeet beyond tlie Hpeetriini of tlio 
liliotoBpbere iikhuiuo the “aiTowdiuadod,’’ form filiown 
in Fig. 50. 

Gonoratly Bpoahing, the Bpoetnnn of a ])ronnnonco 
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is simpler than that of the chromosplioro nt its baeo. 
We seldom find any lines except 0, D,, A, II and 


Fiq. 50. 



K, at a considerable elevation above the photosphoro, 
though y is sometimes met with. On rare occasions, 
also, tlie vapors of sodinm and magnesium are carried 
into the higher regions, and once or twice the writoi' 
has seen the lino Ko, 1 of the second list (0078*2) in the 
upper portions of a prominence, 

OBSERVATION OP ]»IiOMINJ5NOK8, 

When the spectroscope is used as a moans of roii*- 
dering visible the forms and features of the promi- 
nences, the only clifforenco is that the slit is more or loss 
widened. 


Fia, 51, 



OpflNltn SUT OF Tim flriCOTUOBOOPB, 


The telescope is directed so that the solar image 
shall fall ■with that portion of its limb which is to bo 
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examined just tangent to tlio opened slit, as in I^g., 51 , 
wlncli represents the slit-plate of the spectroscope, with 
the image of the sun in position for ol)servation. 

If, now, a prominence exists at this part of the sun’s 
limb (as would probably be tlio case, considering the 
proximity of the spot shown in tlio rtguro), and if the 
spectroscope itself is so adjusted that the C-linc falls in 
the center of the field of view, then, on looking into 
the eye-piece, ono will sec something much like Fig. 62 , 
Tlie red portion of the spectrum will stretch ath\vai‘t 
the field of view like a scarlet ribbon, witli a darkish 
band across it, and in that band will appear the proini- 
nonces, like scarlet clouds — so like onr own terrestrial 
clouds, indeed, in form and texture, th|lt the I'esciu- 
blance is quite startling : ono might alinb’^t think he 
was looking out through a partly-opened door upon a 
sunset, sky, except that tlicro is no variety or contrast of 
color ; all the cloudlets are of the same pure scarlet hue. 
Along the edge of the opening is seen^ the chromo- 
sphere, more brilliant than tlio clouds which rise from 
it or float above it, and for tlio most part made w]) of 
minute tongues and filamoiits, Xlstially, however, the 
dofinitton of the chromosphere is loss distinct than that 
of the higher clouds, Tlie reason is, that close to the 
limb of the sun, where the temperature and pressure 
are highest, tho hydrogen is iii such a state that the 
linos of its spectrum arc widened and winged,” some- 
thing like thoso of magnesium, though to a less extent. 
Each point in tho chromosphere, therefore^ when viewed 
through tho opened slit, appears not as but as 

a short ImCy directed longthwiso in tho sjicotrum. As 
tho length of this lino depends upon tho dispersive 
power of tho spectroscope, it is easy to see that it is 
possible to go too far in this rospooh Tho lower the 
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dispersion the more dhiinot the imago obtained j but 
also the fainter ns compared with the background upon 
which it is seen, 

Just beneath the chromosphere (at a in fclie cut) the 
appearance is as if the edge of the sun was ilm% a phe- 
nomenon which for some time was very pn^szHng. Its 
explanation lies in the double-revorsaP’ of the Odino 
at the base of the chromospliero, discussed and figured a 
few pages back* 

Fio. 62 . 
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If the spectroscope is adjusted upon the F-line, in- 
stead of 0, then a similar image of the proininoneos nncl 
chromosphere is seen, only bluo instead of scarlet ; nsn- 
ally, however, since the P-lineis hazier and more winged 
than 0, this blue image is somewhat loss ijerfoet in its 
details and definition, and is therefore loss used for 
observation. Similar effects are obtained by moans of 
yellow line near D, and the violet lino near G. 
With suitable precautions, using a .violet shade-glass be- 
fore the eye, and carefully shutting out all extraneous 
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light, the II and K lines can also be used ; but visual 
observations in this part of the spectrum are extremely 
diflicnlt and unsatisfactory. 

With photography the case is the reverse — these 
lines are then precisely those which can be cm ployed 
most easily and conveniently. Wo shall recur to this a 
little later. 

Professor Winlock and Mr. Lockyor have attempted, 
by using an annular opening instead of the ordinary 
slit, to obtain a view of the whole circumference of the 
sun at once, and have sucecedod. With a spectroscope 
of sufliciont power, and adjustments delicate enough, 
the thing can be done ; but as yot no very satisfactory 
results appear to have been reached. Wc still (in visual 
observations) have to examine the circumference piece- 
meal, so to speak, readjusting the instrument at each 
point, to make the slit tangential to the limb. 

The number of protuberances of considerable nmg- 
nitudo (exceeding ton thousand miles in altitude), visible 
at any one time on tlio circumference of the sun, is 
never very great, rarely reaching twenty-five or thirty. 
Their number, however, varies oxtreinoly with the imm- 
her of siin-spota ; during a sun-spot minimum thoro arc 
not iin frequently occasions when not a single one can 
bo found, though even during those years the more 
usual number is five or six — some of which often aro 
of considornblo size. The observations of Taccliini and 
Sccchi have showed that their numbers closely follow 
the march of the sun-spots, though never falling quite 
so low. 

To Tacchini wo owo our most complete record of 
tlioso objects, now continuous since 1873, giving thoir 
number and distribution upon tlie sun, with drawings 
of all that wore specially remarkable. Many others 



hare co-operated in observations of this kind : tho Hnn' 
garian observers, Fenyi at Kalocsa, and Von Gotbard at 
Hereny, liave given ns many fine descriptions and de- 
lineations. Father Perry and Ins assistant SidgrenveSj 
at Stonyluirst, also deserve a special mention. 

Their distribution on the sun’s surface is in sonio 
respects similar to tliat of the spots, but witli iin|)ortatit 
clilferences. The spots are confined witlnn 40° of tho 
sun’s equator, being most numoi^ous at a solar latitude 
of about 20° on each hemisphere. Now, the pro tuber- 


Fuj rft. 
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ances are most numerous precisely whoro tho spots are 
most abundant, hut they do not disappear at a latitiulu 
of 4U ; tliey are found even at tlic poles^ and from tho 
latitude of 60° actually, increase in numbor to a latitude 
of about ’ 1 , 
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The annexed diagram, Pig. 63, represents the rela- 
tive frequency of the protuborances and spots on the 
different portions of the solar surface. On the left side 
is given the result of Carrington’s observation of 1,386 
spots between 1863 and 1861,, and on tlio right the re- 
sult of Sccchi’s observations o£ protuberances in 

18Y1. The length of each radial line ropresents the 
number of spots or protuberances observed at each par- 
ticular latitude on a scalo of a quarter of an inch to the 
hundred ; for example, Secclii gives 228 protuberances 
as the number observed during the period of liis work 
between LO® and 20° of south latitude, and the corre- 
sponding line drawn at 15° south, on the left-hand side 
of the figure, is therefore made ff-g- or *51^ of an inch 
long. The other lines are laid oif in the same way, and 
thus the irregular curve drawn tlu’ough their extremities 
represents to the eye the relative frequency of tlieso 
phenomena in the different solar latitudes. The dotted 
line on the right-luincl side represents in the same man- 
meraiul on the same scalo the distribution of the larger 
protuberances, luiving an altitude of more tlian 1^ or 
2T,000 miles. 

A mere inspection of the diagram shows at once 
that, while the prominenees may, and in fact often do, 
have a close connection with the spots, they are yet to 
some extent indopondont phenomena* 

A careful istudy of the subject shows that they are 
much more closely related to the faciilce.f In many 

* Tlio 2,'70'r prominoncos aro not all {IKTorcnt ouob, If any of tlio 
proinlnoncGs obaorvod on ono day romatned visible tho next, tlioy wore 
recorded afroab 5 and, as a prominence near tbo polo would be oarrlocl 
but slowly out of aljjjht by tlio Him’s rotation, it Is thus easy to see bow 
tho number of promlnoncos rooordod In the polar regions is so largo. 

f Seo page lOD, 
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cases at least, facuto, when followed to the limb of tlio 
sun, have been found to be surrounded by proniinoncos, 
and tliere is reason to Buppose that the fact is a general 
one» The spots, on the other hand, when they reach 
the border of the sun’s imago, arc commonly surround- 
ed by prominences more or less completely, but seldom 
overlaid by them. Iiidced, Eespiglii assorts (and the 
most careful observations wo have been able to make 
confirm his statement) that as a general rule the chro- 
mosphere is considerably depressed imtnodiatoly over a 
spot. Secchi, however, denies this. 

MAGNITUDE AND ODASSIFIOATION OF T'RO:^tTNENOES. 

The protuberances differ greatly in magnitude. The 
average depth of the chromosphere is not far from LO''^ 
or 12''', or about 6,000 or 6,000 miles, and it is not, there- 
fore, customary to note as a prominence any cloud with 
an elevation of less than 16" or 20" — Y,000 to 0,000 
miles. Of the 2,767 already quoted, 1,061 attained an 
altitude of 10", or 18,000 miles, and it is worthy of 
notice that the smaller ones are so few, only about one 
third of the whole: 751, or nearly one fourth of the 
whole, reached a height of over 1', or 28,000 miles ; the 
precise number which reached greater elevations is not 
mentioned, but several exceeded 3', or 81,000 miles. It 
is only rather rarely that they roach elevations as gi’oat 
R8 100,000 miles. Tiie writer has in all soon, perhaps, 
three or four which exceeded 1 60,000 miles, and Secchi 
has recorded one of 300,000 miles. On October 7, 1880, 
tlic writer observed one which attained the still un- 
equaled lieight p^, over 13' of arc, or, 360,000 miles. 
Wlien first seen, on the southeast limb of the sun, about 
10.30 A. M,, it was a 1* horn ” of ordinary appoaranco, 
some 40,000 miles in elevation, and attracted no special 
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attention. Whon next seen, half an hour later, it had 
boGOino very brilliant and had doubled its height : dur- 
ing tho next hour it strotclied upward until it reached 
the ononnous altitude mentioned, breaking up into fila- 
ments which gradually faded away, until, by 12.30 i\ m,, 


ERUPTIVE PROMINRNOBS, 

riirco /Ipiiivs, of aiQ flflino proinlnonco, 
floftu July 25. 18T2. 

Fio. 54. i 



As KKRN AT 2.10 1‘, U. 

Via. 55. 





An HKBH AT 8.110 r. H. 
100,000 io tto inoli, 








218 


THE SUN* 


there was nothing left. A telescopic examination of the 
sun’s disk showed nothing to account for such an ex- 
traordinary outburst^ except some small and not very 
brilliant faculsc. While it was extending upward most 
rapidly a violent cyclonic motion was sliown by the dis- 
placement of the spectrmn-lincs, and II and K W(3ro ]’e- 
versed through its wliole heiglit. 

In tlieir form and structure the protuberances dilTcjr 
as widely as in their inagnitiKlo. Two priiieijial classes 
are recognized by all observers — the quiciioe7ity cloud- 
formed^ or liydrogenous, and the erui)tW6 or metallic. 
By Socchi these are each further subdivided into several 
sub-classes or varieties, between which, liowovcr, it is 
not always easy to maintain the distinctions'. 

And here perhaps is the proper place to mention 
that Trouvelot insists on the existence of ‘‘dark” prom- 
inenoGs — ^i. e., clouds of cooler liydrogon that absorb tlic 
light of the hydrogen behind thorn ; but there is no 
proof, we think, that those are anything but “holes.” 
Tacchiui, on the other hand, is disposed to assort tlio 
existence of “white” prominences, wliich give a con- 
tinuous spectrum, and so ai‘o not reached i)y spectro- 
scopic observation, tlioiigh conspicuous to the oyo, and 
on the photographic plate, at the time of a total eclipse, 
as in 1883 and December, 1889. But the evidence Imrdly 
warrants confident belief in the oxistonoo of such ob- 
jects. 

The quiescent prominences in form and texture re- 
semble, with almost perfect exactness, our terrestrial 
clouds, and differ among themsolvos as inuoh and in tho 
same manner. The familiar cirrus and stratus types are 
very common, tho former especially, while the cnnniliis 
and cumulo-stratus are less frequent, Tho protuber- 
ances of this class are often of enormous magnitude, 
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especially in their horizontal extent (but the liighost 
elevations are attained by tlioso of the oruptivo order), 
and are comparatively permanent, remaining often for 
hours and days without serious change ; near tlio ])olo8 
they sometimes persist through a wliolo solar revolution 
of twenty-seven days. Sometimes they appear to lie 
upon the limb of tlio sun like a bank of clouds in the 
horizon ; probably because tliey are so far from the 
edge of the disk that only their up]^cr portions are in 
sight. IVlien seen in their full extent they are ordi- 
narily connected to the underlying chromospliero by 
slender coiiimns, wliicli are nsnally sunillost at the base, 
and appear often to bo made up of soparato filaments 
closely intertwined, and expanding upward Some- 
times the whole under surface is fjdiigod with down- 
hanging filaments, which remind one of a summer 
sliowor falling from a heavy thundor-clond. Some- 
times they float entirely free from the chromospliero; 
indeed, as a general rule, tlio layer clouds aro attended 
by detached cloudlets for tho most part horizontal in ' 
their arrangement. 

Tile figures give an idea of some of tho general ap- 
pearances of this class of prominonces, but their dolicatOi 
filmy beauty can bo adequately rendorod only by a far 
more elaborate style of engraving. 

Their spectrum is usually very simplo, consisting o( 
the four lines of hydrogen, and tho three of helium, 
with H and K, Occasionally the sodium and mag^ 
nesiiirn lines also appear, and that oven near tho sum^ 
mit of the clouds ; and this phonomenon was so mucli 
more frequently observed in the cloar atmosphere of 
Sherman as to suggest that, if tho power of our spec- 
troscopes were sufliciently increased, it would ccaso to 
be unusual. 
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The genesis of this sort of prominence is problemat- 
ical. They have been commonly looked n])on as tlio 
debris and relics of eruptions, consisting of gases wliicli 
have been ejected from beneath the solar surface, and 
then abandoned to the action of the currents of the 
sun’s upper atmosphere. But near the 'poles of the sun 
distinctively eruptive prominences never appear, and 
there is no evidence of aerial currents which would 
transport to those regions matters ejected nearer tlie 
sun’s equator. Indeed, the whole appearance of these 
objects indicates that they originate where wo see them. 
Possibly, although in tlio polar regions there are no 
violent ernptiona, there yet may ho a fjuict outpouinng 
of heated hydrogen suflicioiit to account for their 
duction — an outrush issuing through the smaller pores 
of the solar surface, which abound near the poles as 
well as elsewhere. 

But Secchi reports an observation which, if correct, 
puts a very difforont face upon the matter.*^' Ho has 
seen isolated cloudlets form and grow s])ontaneou6ly 
witliout any poreeptihlc connection with the clirotno- 
sphere or other masses of hydrogen, just as in our own 
atmosphere clouds form from aqueous vapor, already 

* On October 13» 1880, the wHtor for tlio first linio met with tlio 
same rhonoinonon. A small, bright clomi aniearccl on iimt dny, about 
11 A.M., at ail elevation oJC some 2^' (O^jfiOO mllefi) abovo the limb, with- 
out any evident cause or aiiyvisihlo conn eotloii with the chroinosphero 
below, It grow rapidly without any sonalblo rising or fulling, and in an 
hour developed Into a largo strati form cloud, ivrcgnlnr on tlio upper siir- 
faco, but nearly flat bcncatli. Eroin this lower surfaco pondont fllamenta 
grow out, and by tlio middlo at tlio afternoon Iho objeot had becoino ono 
of tlio ordinary stoinmod prominoncoa, innoh ilke Fig, 01, 

But obviously tho thing Is vory nnnsnal, for in moro than twenty 
years of observation I have encountored tho pliononionon only Ihroo 
times. 
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present in the air, bnt invisible until some local cooling 
or change of pressure causes its condensation. These 
prominences are, therefore, formed by some local lieat- 
ing or other luminons excitement of hydrogen ah'eady 
present, and not by any trttn8j)ortation and aggregation 
of materials fi’oiii a distance, The ])rc(iisc nature of 
the action which produces this cirect it would not bo 
passible to assign at present; but it is w(U’tliy of note 
that the spcctroscojhc observations made during eclipses 
ratlier favor this view, by showing that hydrogen, in a 
feebly luminous condition, is found all around the sim, 
and at a very groat altitude — far above the ordinary 
range of prominences. 

Indeed, in rnost cases the forms and changes of 
this class of prominences so closely resemble our own 
terrestrial clouds tliat one is almost forced to believe 
that they are surrounded by, and float in, a medium 
wliich does not greatly cliflbr fj’om themselves in den- 
sity, though it is not visible in the spectroscopic mode 
of observation. 


EnUl>TIVJC rnOMINKNOKS, 

The erujitivo ])romineiicos are very dilTcrcnt — much 
more brilliant and mhch more vivacious and intoj’csting. 
They consist iisiially of brilliant spikes or jets, which 
change thoir form and brightness very rapidly. For the 
moat part they attain altitudes of not more than 20,000 
or 30,000 miles, Lut occnsioually they rise far higher than 
oven tlic largest of the clouds of the preceding class. 
Their Bpoctrum is very complicated, especially near 
their "base, and often filled wltli bright lines, those of 
sodium, magnesium, barium, iron, and titanium, being 
especially conspicuous, while calcium, chromium man- 
ganese, and probably sulphur, are by no means rare, 
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and for tliis reason Seechi calls thorn metalUo promi- 
nences. 

They usually appear in the immediate neighhorhood 
of a spot, never occurring very near the solar poles. 
Their form and appearance chango with groat rapidity, 
so that the motion can almost bo seen with the eyo — an 
interval of fifteen or twenty minutes being often sulli- 
cient to transform, quite beyond recognition, a mass of 
these flames fifty thousand miles high, and sometimes 
embracing the whole period of their complete develop- 
ment or disappearance. Sometimes they consist of 
pointed rays, diverging in all directions, like hodgohog- 
spines. • Sometimes tlioy look like flames ; soinetimes 
like sheaves of grain ; sometimes like whirling water- 
spouts, capped with a groat cloud; occasionally they 
present most exactly the appearance of jots of liquid 
fire, rising and falling in graceful parabolas ; frequently 
they carry on their edges spirals like the volutes of an 
Ionic column; and continually they detach filaments 
which rise to a great elevation, gradually expanding 
and growing fainter as they asconcl, until the eye loses 
them. Our figures present some of the more common 
and typical forms, and illustrate their rapidity of chango, 
but there is no end to the number of curious and inter- 
esting aj)pearances which they ox’hibit under varying 
circumstances. 

The velocity of the motions often exceeds a hundred 
miles a second, and sometimes, tliough , very rarely, 
reaches two hundred miles. That wo have to do with ' 
actual motions, and not with mere chango of place of a 
luminous form, is renderod certain by tho fact that the 
lines of the spectrum are often displaced and distorted 
in a manner to indicate that some of the oloud-massos 
are moving either toward or from the earth (and, of 
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course, tangential to tlio solar surXaco) with similar 
swiftness. 

Fig. Y2 is ft represoiitation of a portion of the 82 dcc- 
trutn of a irromiiienee observed at Sherman on August 
3, 1872, an observation to which allusion was made in 


Fto. m 



the jireceding ohaptor. The F-Iinc, at 208 of the scalo, 
must bo imagined as blasoingly brilliant, and fainter 
bright linos appear at 203*2, 208*8, 200*4-, and 212*1 (tho 
ecalois KirchhoiT’s), while two bands of eoutinnons spoc- 
tniin, produced probably by tlvc compression of the gas 
at tho points of maximum disturbance, nm tho whole 
length of tho figure. At tlio upper point of disturbance 
F is drawn out into a point reaching to 207*4 of tho 
scale, and indicating a velocity of 230 miles a second 
ftway from us ; at tho lower point it extends to 208*7, 
and indicates a velocity of about 260 miles per second 
toward ns. It was very noticeable that tliia swift 
motion of tho hydrogen did not seem to carry with it 
many otlior substances whi(jh wore at tho time repre- 
10 
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sented in tlio spectrum by tbeir bi'igbt lines; m^g. 
nosium and sodium wore somewhat affected, but barium 
and the unknown element of the corona wore not. 

■When we inquire what forces impart such a velocity, 
the subject becomes difficult. If wo could admit that 
the surface of the sun is solid, or even licpxid, as Zbllncr 
thinks, then it would be easy to understand the phe- 
nomena as eruptions, analogous to those of volcanoes 
on the earth, though on the solar scale. But it is next 
to certain that the sun is mainly gaseous, and that its 
luminous surface or photosphere is a sheet of incandes- 
cent clouds, like those of the earth, except that water- 
droplets are replaced by droplets of the metals ; and it 
is difficult to sec how such a shell could exert sufficient .• 
confining power upon the imprisoned gases to explain 
such tremendous velocity in the ejected matter. 

Possibly the difficulty may be met by taking account 
of the enoi’mous amount of condensation which must bo 
going on within the photosphere. To supply the heat « 
which the sun throws off (enough to melt each minute 
a shell of ice nearly fifty feet thick over his entire sur- 
face) would requii'o the condensation of enough vapor 
to make a sheet of liquid six feet thick in the same time 
— supposing, that is, the latent heat of the solar vapore 
not greater than that of water vapoi’s. This, of course, 
is uncertain, but, so far as we know, very fow if any 
vapors contain more latent boat than that of water, and 
we may therefore consider it roughly correct to cstiinntp 
the continuous production of liquid as measured by thp 
quantity named. PTow, on the surface of the earth ^ 
rain-storm which deposits two inches in an hour is very 
uncommon — in such a storm tlio water falls in shoots. 
If we admit, then, that any considerable portion of the 
sun’s heat is due to such a condensation of the solar 



THE CirUOSCOSPIIEHE AND U’llE PllOMINKNOES. 227 


vapors, it is easy to sgo that tlio quantity of liquid pour- 
ing from the solar clouds must bo so enormous tliat tlic 
drops could not be expected to remain separate, but 
will almost certainly unite into more or less continuous 
masses or sheets, between and through wliicli the gases 
ascending from beneatli must make tlicir way. And, 
since the weight of the vapors which ascend must con- 
tinually equal that of the products of condensatiou 
wliich are falling, it is further evident that the upward 
currents, rushing through contracted channels, must 
move with onormous velocity, and therefore, of course, 
that the prossuro and tomporaturo nuist rapidly iiiovoase 
from the free surface downward. It would seem that 
thus we might explain how tlio upper surface of the 
hydrogen atmosphere is tormented by the up-rush from 
bolow, and how gaseous masses, thrown up from be- 
neath, should, in the prominences, present the appear- 
uncos which have boon described. Hor would it be 
strange if vontablo explosions should occur in the quasi 
pipes or channels through which the vapors rise, when, 
under tlio varying circumstances of pressure and tem- 
perature, the mingled gases reach thoir point of eoinbi- 
nution; explosions whicli would fairly account for siicli 
phenomena as those roprosonted in Figs, 09 and 70, when 
clouds of hydrogen were thrown to an el ovation of in ore 
than 200,000 miles with a velocity which miist have 
exceeded at first 200 miles per second, and very prob* 
ably, taking into account the resistance of tlio solar 
atmosphere, may, os Mr. Proctor has shown, have ex- 
ceeded 600 ; a velocity Buffleiont to linrl a dense material 
entirely clear of the jiower of the sun’s attraction, and 
send it out into space, never to return. 

.And yet such velocities so far exceed those with 
which we are familiar hero that it is not strange at all 
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that there Bhould be reliictaneo to adnut tlicm^ and at 
tempts to substitute iov such motions of material masses 
the motion of mere forms and the swift transference 
of regions of luminosity through gases Ihemsolvcs at 
rest — just as wlion a ilasli runs from one end to the 
other of a long train of gunpowderj or a suddenly 
kindled flarno flies up through a chimney. In many 
rqspccts such concc])tiona perfectly represent the facts 
— prominences apparently at rest might bo like water- 
falls or gas-flames — mere stationary forms made up 
from a steady succession of material particles; and the 
swiftly moving ones, so far as appearances go, might be 
flashes traveling swiftly througli extensive masses of gas 
comparatively motionless. If such a view is tenable, then 
we might imagine, as Brester has done, that the sun is 
quiescent and serene, composed of overlying strata of 
different density, cacli in a state of stalflo ccpulibrium, 
such that any considerable vertical motions are impossi- 
ble, and horizontal disturbances soon chcckocl : wlmt 
look to us Hko iiory flames and furious commotions aro 
then only like the auroral flickcriugs in onr own atmos- 
phere. 

But to tins view the one conclusive objection, unless 
it can bo evaded, is the fact that the linos in the spec- 
trum testify to swift motions in the lino of vision — that 
masses of hydrogen and helium, of iron-vapov and cal- 
cium, aro shown to be moving toward or from us with tre- 
mendons velocity. Brester tlieroforo maintains, and oth- 
ers with him, that though unquestionably the motion of 
a luminous mass pf matter toward or from tho observer 
will i)roduco such lino- displacements as aro observed, wo 
aro not shut up to tliat as their only ’explanation. lie 
maintains that tho motion of a mere luminous 
would produce tlio same cllcct i that if a train of pow- 
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der, for instance, were laid straight away from us for 
a distance of ten miles, then if it were lighted at the end 
nearest us and the flash reached the other end in ten 
seconds, the spectniin of the traveling flash would indi- 
cate a receding velocity of one mile a second. There 
is, however, no evidence to support such a doctrine. 
No theoretical roason can be assigned — at least none has 
been bo far as we know — ^vhy the phases of the light- 
waves issuing from the flash at each point in its ten- 
mile course should reach the observer with the same 
regular retardation as in the case of a luminous ball 
moving over the same path with the same speed : and 
unless this condition is observed, or something essen- 
tially Gfiuivalcnt, Doppler’s princi])]o has no ai)plicatioiu 
As for experimental evidence, none exists as yet, nor 
do wo know of any proposed method by which tlio hy- 
potliesis can bo tested. 

Still a diflorent and VC17 curious theory of the solar 
constitution has been lately proposed by Sclimidt, of 
Stuttgart, and a good deal disenssod (rather favorably, 
too, on account of its mathematical interest) !)y various 
writers. It amounts to this: that the snn is a gi‘cat 
globe of heated transparent gas, much denser in the 
center, and tho apparent clcfiiiitencss of ontlino is duo 
to. tho curious refraotion of tho light in stich a mccliuin. 
The rays from points behind the sun’s center, accoi'ding 
to this theory, roach us from all around tho limb; pho- 
tosphero and ohromo8])hero are an ojitical jumble of 
rays froin widely diiloront ])oint8 within the globe, and 
most of tho plionomona wo see on and about tho solar 
surface are purely optical, like halos, rainbows, and 
mirages. 

It is probably snffleient to point out that a gaseous 
globe which contains in itself qunn titles of motallio vapor 
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can not remain wholly gaseous for any length of time. 
In its outer regions, where it is exposed to the cold of 
space, condensation must inevitably take place, incan- 
descent clouds must gather, and a photosphere ” must 
form— it must ^'clothe itself with liglit as with a gar- 
ment.’^ The theory can apply only to a mass compo8<»c] 
wholly of permanent’* gases— those that will not turn 
to lifjiiid or solid even at the lowest temperatures to 
which they are anywhere exposed, It may bo that in 
the planetary nebulpc wo have such bodies^ 

PEOMINICNOE PIIOTOGKAPJIY. 

As far back as 1870 attempts wore made by tbo 
writer to photograph the prominences, and a partial 
success was reached. A little camera cainying a sensi- 
tized inicroseope slide was fitted to tlie spectroscope 
figured on page 202, and with a four-iniinito exposure a 
distinct impression of a prominence was obtained. The 
hydrogen line employed was <7, (ITy). It was in the days 
of the wet-plate collodion procoss, and the nocossity of 
so long an exposure made it certain that it would not 
be worth while then to follow up the matter. But tbo 
introduction of the modern dry-plate has changed all 
that. The subject was resumed in 1889 and J 800 almost 
simultaneously by Deslandres, in Franco, and Qoorgx^ 
E. Hale, in Chicago. By 1891 it had become possible 
to produce very fair pictures of modorato-sizecl prom- 
inences by using the II or K linos with a powerful 
spectroscope, and putting a photographic plate in place 
of the eye. If the slit is narrow wo got merely the 
doxible reversal of H and K, as shown in Fig. 78. (It 
is worth while to notice, in passing, the hydrogen lino 
(ITe) which is so near to H. For years it had been n 
pnzzle why in the spectra of stars of the so-called first 
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class, like Vega, II should bo conspicuous and K miss- 
ing. The discovery of this hydrogen lino by Ames 
solves the problem. In Vega’s spectrum H is the hydro- 
gen, not the calcium band.) To return : if now we sim- 
ply open the slit as far as can safely be done, we got the 
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imago of tho prominonce in each of tho two bands, afi 
in Fig, Y4. An exposure of five seconds is abundant. 
Indeed, at Princeton, by using ieochromatic plates with 
an exposure of several noinutes, wo have boon able to 
photogra]>la promi nonces oven in the 0-lino (Fig. 

But this requires oxtroinoly accurate adjustment of tho 
clockwork of tho teloscopo and careful manipulation. 

With this opon-slit arrangomont, however, wo are 
limited to prominences that are not very large ; nor is 
tho definition very perfect. 

These difflcultios may bo avoided by adopting an 
arrangomont long ago snggosted by Janssen and others 
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in tlio early days of prominence observation. The 
Bpcctroseopo is fitted up with a second slit at the eye 
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end of tho view-teleecopc, and in Bomo forms of the ap- 
paratus both tliG collimator slit and tho other aro froo 
to slide back and forth in the focal plane and length- 
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wise of tho spectrum, beginning with tho slits each at 
tho center of its slide, suppose tho prism or grating to 
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be so adjusted as to bring the K line into j^osition to be 
soon through tho second slit; if now we slide the colli- 
mator slit^ tlio K line will move away from the secoiul 
slit, and to keep it in view this one will liavc to slide 
also. Tins can be automatically ailected ; the tun 
sliders that carry the slits can be connected ineehauir 
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ally in various ways so that thoir motions shall exactly 
correspond ; and if wo add a pliotogmphic plate and its 
acooBBorles we have tho so-callcd ‘‘spectrodieliograph/* 
Fig. “76 is from a photograph of Professor Hale's 
instrnmontj as used in 1892 at the Kenwood Astro- 
Physical Observatory, in Chicago. 
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In order to photograph a prominence tho tolescopo 
is so directed as to bring tho base of tho prominonco to 
the collimator slit — the slit being tangential to tho sun^s 
limb. The clockwork of tho equatorial will keep it 
there if properly adjusted. Then the collimator slit is 
made to slide smoothly and gradually upward to tho 
top of the prominence (by a hydraulic apparatus in 
Halo’s instrument), and at the same time tho other slit 
travels in front of the sensitive plate, so that this rct 
ceives, one after the other, the imprints of all tho suc- 
cessive sections of tho prominence. As an oxarnjdo of 
a prominence photograph so made, we give Kg. Y7, 
which was taken March 25, 1896. Tlio maximum eleva- 
tion was very nearly 281,000 miles. Tho vortical dark 
streaks are “dustdinos” caused by motes in tho slit or 
roughness of its edges; the streaks at right angles to 
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these are due to sliglit unsteadiness in the eliding mo- 
tion, produced by the hydraulic “clepsydra.” 

If the image of the sun itself is covered by an 
opaque disk of exactly tho right size, then tho elite may 



THB] OnnOMOSPlIRRE AND THE PRO^illKENOES. 335 

bo made to travorso the whole chromosphere, rather 
slowly, at a single journey, and wo shall get at one eso- 
jposure a picture of the whole array of proiuinonces 
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Burrounding the enii at that time. Figs. 78 arid 79 wore 
inado in this way at Kenwood Obsoiwatory, though we 
can not give the exact date. 

If liftov itialcing ench an exposure the screen that 
covered' the sun’s disk is removed, and the collimator 
Blit is made to retrace its patli (swiftly this time), we 
Bliall getj not only the cliromosphorio ring with its out- 
lying prominoneos, hut the whole surface of the sun 
itself as soon by the monchroinalic, “K-lino,” light, 
The facnlous regions come out with special emphasis. 
The reader will recall the pending discussion with re- 
gard to their real nature and elevation, referred to on 
page 100. Fig. 31* on that page is an example of this 
sort — also from Mr, Hale. 

The " two-Blit” arrangement admits of variouB mod- 
ifications : in one the Bpoctroscopo and its slits are fixed, 
tlie imago of the sun is allowed to drift over the colli- 
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mator slit by the diurnal motion, and tlio pliotograpliic 
platQ is drawn along at the same rate, and in the same 
direction, by a suitably adjusted clockworks In this 
case tlic largo telescope tliat I’orms the sun’s image is 
usually also .fixed in a horizontal position, and the sun’s 
rays are directed into it by a piano mirror, as in the 
American transit of Venus apparatus. The instrument 
of Deslandres is arranged in this manner, and with it he 
has obtained all the results that Halo lias reached. 
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In the great s))cctro-holiograph now building under 
Mr. Hale’s direction, to bo used with the gigantic 
forty-incli equatorial of the Yerkes Observatory, tlio 
slits will be fixed in the spectroscope, but the whole spec- 
troscope will 1)0 80 arranged in the framework winch 
attaches it to the equatorial tliat it can bo moved bodily 
across the sovoiidnch imago of the sun, wliilo the plate- 
holder remains fixed. 

Students of solar physics await with groat interest 
the outcome of the new methods and apparatus. , 
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TUF} CORONA. 

General Appoavanco of the Phonoraonon, — Varioim Representations,— 
Eolipsoa of miy 1800, 1807, 1868, 1809, 1871, 1878, 1882, 1880, 
and 189 3, -—Pro of that the Corona ia mainly a Solar Phenomenon. — 
Brlghtncsa of the Ooi’onn.— Connection with Snn-Spot Period, — Spec- 
trnm of the Corona. — ^Application of the Analyzing and Integrating 
Spoctroacopos. — Pokrlzatloiu — ^Evklonco o£ the Slltleas Spectroscopo 
aa to the Conatitntlon of Iho Corona,— Changes nnd Motions In the 
Corona, — Its Perm and Constitution, and Theories as to its Nature 
and Origin, 

A TOTAL eclipse of the sim is tinqiicstionably one of 
the most imiiressive of all natural iiliGUomcna, and the 
corouaj or aiiroolo of light, which then Burrounds tlio 
snn, is its most irnpressive feature. On such an occa- 
sion, if the sky is clear, the moon appears of almost 
inky darkness, with just sufficient illumination at the 
edge of the disk to bring out its rotundity in a strik- 
ing manner. It looks not like a flat screen, but like 
a huge black ball, as it really is. From behind it 
stream out on all sides radiant iilamcnts, beams, and 
sheets of pearly light, which reach to a distance some- 
times of several degrees from the solar surface, forming 
an irregular stellate halo, with the hlack globe of the 
moon in its apparent center. The portion nearest the 
aim is of dazzling brightness, but still less brilliant than 
the prominences, which blaze through it like carbun- 
cles. Generally this inner corona has a pretty uni- 
form height, forming a ring three or four minutes of 
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arc in width, separated by a somewhat definite outline 
from the outer corona, whieli reaches to a mucli greater 
distance, and is far more irregular in form. Usually 
there are several rifts, as they have been called, like 
narrow beams of darkness, extending from the very 
edge of the sun to the outer night, and much resom- 
bliiig the cloud-shadows which radiate from the sun 
before a thunder-shower. But the edges of tliesc rifts 
are frequently curved, showing them to bo sonicthing 
else than real shadows. Sometimes there are narrow, 
bright streamers, as long as the rifts, or longer. These 
are often inclined, occasionally are even nearly tangen- 
tial to tile solar surface, and frequently are curved. On 
the whole, the corona is usually loss extensive and brill- 
iant over the solar poles, and there is a recogni^^ablo 
tendency to accumulations above the middle latitudes, 
or 8pot-;5ones; so that, speaking roughly, the corona 
shows a dis 2 )OBition to assume the form of a quadrilat- 
eral .or four-rayed star, though in almost every individual 
case this form is greatly modified by abnormal streamers 
at some point or other. ' 

Xlnlike the cliromosjJioro, which seems first to have 
been observed, as was mentioned in the previous chap- 
ter, only a little more than a century ago, the corona 
has boon known from antiquity, and is described by 
Philofltratus and piutareli in almost the same terms we 
should ourselves emj>Ioy. And yot our knowledge of 
it remains very limited. Tlie chromosjihcre and promi- 
nences we can now roach and study, comparatively at 
our leisure, by the holi) of the spectroscope; but the 
corona is still inaccessible, except during the short and 
precious moments of a total eclipse — in all, not more 
tlian a few days in a eontury — so that our knowledge 
of its cause and nature can grow but slowly at the best 
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Tlio diaractor of tlio phenomenon ie such also as 
to mate its accurate observation exceedingly difficult; 
slight difCereuGOS in the traRsparency of the atmosphere, 
in the SGuaitivcncss of the observer's eye, a preoccupa- 
tion of the mind by some feature which first happens 
to strike tho attention, or a peculiarity in the manner 
of representing what one sees, will often make the de- 
scriptions and drawings of two observers, side by side, 
so discrepant tlmt one would hardly imagine they could 
refer to tho same object. For instance, in 18 YO, two 
naval officers on tho deck of tho same vessel made 
drawings of tho corona, one of which represented it as 
a six-rayed star, whilo the other showed it as comj)osed 
of two ovals crossing at right angles. In 1878 the 
writer, on comparing notes immediately after tho 
eclipse with other members of hie party, found that 
about half of them saw the corona pilncipally extended 
to the east and west, while tho other half, himself 
among them, wore just as positive that it brusliod out 
mainly to tho north and south. Tho photographs, and 
other data since collected, show that the principal exten- 
sion was undoubtedly along tho oast-and-west line, but 
that there wore much bettor outlinod streamers, though 
shorter and less brilliant, directed from tho solar poles. 
Some eyes were more improssod by definitonesB of form, 
others by size and luminosity. 

Obviously, conelusious must bo drawn from ocular 
impressions only with tho greatest caution. Photo- 
graphs are, of course, moi^e to bo trusted, as far as they 
go ; "but, even with them, a slight difference in tho 
sensitiveness of the plate, in the exposure, or in the 
development, will make a great diffioronce in the result- 
ing picture. Neither can any photograph ever bring 
out everything which is visible to tho eye, An ex- 
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posure, sufficient to exhibit well the fainter details, will 
spoil the brighter features, and vice versa. Moreover, 
it may, and not seldom does, bring out features that the 
eye can not see because their light is mainly ultra-violet. 

We can do no better than to refer one, who is enrious 
to SCO how various are the representations of this won- 
derful object, to Mr. Bauyard’s inagnificont v^ork upon 
the observations made during total solar eclipses, pub- 
lished as Volinno XLI of the Memoirs of the lioyal 
Astronomical Society of Great Britain.” In it ho has 
reproduced nearly a hundred different drawings and 
pliotographs of the corona, as seen during the eclipses 
since 1860. The steel engravings of the eclipses of 
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1870 and J871, based upon the photogmplis then made, 
are among tlio most aeeiimto and bcaiitiCiil reprosonta- 
tions of tlio corona anj’wlioro to bo found. Wo liave 
copied a fow of Ins woodents, wliicli givo an idea of 
tlio moro roinarkablo features of the jilicnoniution, and 
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oxlnl)it tlie dilToreiioos botvvoeu its oliarnetof and ap- 
]>eiu'an(!o on dKToi’oiit oconsioiiB; wo Imvo acldod also a 
pieturo of tho corona as seep in 1878, in which wo have 
combinod tho slcotelios of sovoral obsorvora with onr 
own iinprossions. "Woodcuts, howovor, are not eora- 
17 


petent to bring out the peculiar filmy, uobulouB charac- 
ter of many of the details, which can be fairly repre- 
sented only by steel engraving. 
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The drawing of Liais, Fig. 80, showe the “ petal 
like forms which have been noticed in the corona at 
other times, but seem to have been especially prominent 
in the eclipse of 1867. The figures of the corona of 
1860, by Secchi and Tempel (Figs. 81, 82), show how 
widely observers only a few miles apart will differ in 
their impressions. 
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The drawing of Grosch in 1867 (Fig. 83) ia interest- 
ing in comparison with that of 1878, as showing the 
state of the corona at two similar times of siiii-Bpot mini- 
mum. Tlie Jong extensions of faint illuniination in the 
direction of the sun’s equator and the sliort but vivid 
brushes in the polar regions are notable in both. 


IftfO. 68, 





Bullock’s picture of tho oclipao of 1808 (Fig, 84) 
shows a larger and more irregular corona than usual. 
Tho drawing of Schott (Fig* 86), on the other hand, 
shows the corona of 1869 much smallor and more brilh 
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iant than ordinary, and the writer can voucli for it as 
giving pretty accurately the impression which he' hiiii^ 
self received at the time. ■' 

Many of our readers, no doubt, have scon a much 
more impressive picture of the same corona; made by 
Mr. Gilman at Sioux Oily, and published in the eclipse 
report of the United States Naval Observatory (ropro- 


64 . 



ducecl in Mr. Proctoi^’B “Huii”). It bIiow nn oxton- 
BIV6 systom of rifts and mys, which, jf real objocts, 
eBcaped tho notice of raoah obsorvow— tlioir visibility, 
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perhaps, dcpontUng on the stoto of the atmosphere, 
which is described as slightly liazy, bnt very steady, at 
Mr, Gilman’s station. 

The drawings of Captain Tupinan and Mr, Foe- 
nandor (Figs. 8C, 87) arc interesting for comparison 
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with each othor and with the photographs of the same 
eclipse (Fig. 88); and tlint of the eclipse of 1878 (Fig. 
80) is romavkablo on occonnt of the eiiormona oxton- 
sion of the faint bi’ushos of nobulosity whicli wore 
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traced to a distaiicc of 6° or 7** from the sun by Pro- 
fessors Langley, Abbe, and Newcomb. 

To these pictures of the corona that appeared in our 
first edition, wo add three otliors that seem especially 
wortliy of reproduction* 

Fig. 90 is from a steel engraving which comlnnes 
the pliotograi)li8 of the Egyptian eclipse of May lY, 
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1H82. Tiilco PigH. 88 and 92, it is a typical “ spot-maxi- 
mum corona.’’ Attention is oallocl to tho little comet 
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in tha cornoi* of tho engraving : it was seen only dur- 
ing the eclipse, but seems to have been a precursor of 
the groat ooiuet that appeared the following autumn. 
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Fig. 91 18 a direct roprodiiotion from a boaxitiful 
negative o£ tlio oolipso of January 1, 1889, made by 
Mr, Burckhalter, of Oakland, Cal, with an exposure of 
ono second. It ie a typical “ apot-miniunim ” corona, 
tlio polar streamers being oxtremely fine, and the equa- 
torial extension oiiormoiiB j this latter, however, is better 
brought out on negatives of longer exposure. 
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Fig. 92 is from whftt, on the whole, Is tho finest 
photograph ever yet obtained of tho corona. 
made on April 16, 1893, at Mina Broncos, m Ohih, at 
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an altitude of 0^600 foot, by Profoflsor Scliaoberlo* with 
a photohoUograplv telescope of 40 foot focal iongtli and 
6 iiiclios aperture-; tho sun’s disk in tho original is about 
4 inches in diameter. 

One of tlie first questions which snggoeta itself with 
reference to the corona relates to its location ! is it a 
phenomenon of tho sun, of the moon, or of our own 


THE COBONA. 


249 


atmosphere; or is it perhaps a mere optical ofEecfc, like a 
rainbow or a halo ? If its scat is in tlie earth’s atmos- 
phere, it is of course an affair of little magnitude or 
importance; if, on the other hand, it is really at the 
sun, it must be an object of enormous dimensions and 
of oosmical significance, 

Kepler, and many astronomers after him, attnlintcd 
it to the atmosphere of the moon, and tins continuer], 
perhaps, to be tbo most generally accepted explanation 
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until the early part of the present century, wlioii it was 
shown by many incontestable considerations that the 
moon possessed no atmosjfiicro to speak of ; certainly 
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none which could uceount for the observed facts. From 
this time until 1869 the weight of opinion seems to 
have been rather in favor of a terrestrial or purely 
optical origin for the corona, though some (Professor 
Grant, among others, in 1862, in his “ History of Physi* 
cal Astronomy ”) considered it more probable that the 
solar atmosphere is the real cause. 

The question was first settled in 1809 by the obseiv 
vations of Professor Ilarkness and tho writer, who, 
independently, found tho spectrum of tho corona to bo 
characterized by a bright lino in tho gi’oen. It was 
identified by the writer, whoso spcctroscopo was very 
powerful for tho date, as the “ 1,171 ” lino on Kirch- 
hofi’s map of the solar spectrum, then generally used 
for reference, Tho existence of this bright lino demon- 
strates the presence, in tho corona, of incandoscont gas, 
and this of course can only bo near tho sun. Some 
doubt was cast upon tho obsorvations at first, but Ihoy 
have since been fully confirmed ; and in 1871 a di/Tor- 
ent and more simple proof was addod. Photographs, 
taken at stations which wore separated by sovoral luin- 
dred miles, in India and Ceylon, showed prooisoly tho 
same details of coronal form and struotnro, and are, by 
themselves considered, sulHciont to domonstrato that the 
main features of tho phenomenon arc indopondont of 
our terrestrial atmosphere and tbo accidents of tho lunar 
sur|ao6. Of course, it is not meant to affirm that our 
own atmosphere has no part in tho phonomonon, but its 
rSle is only secondary. As has been pointed out by 
Mr, Proctor, tho obsorvor at tho middle of an oolipso is 
in the center of an enormous shadow, gonorally from 
fifty to a hnndrod miles in diameter. If wo grant that 
tlio air retains some sensible density and power of light- 
reflection, oven at an altitude of a huiidrod inilos, and 
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aasnmo for the shadow a radius of only twenty miles, 
no particlo of air illuminated by siinliglifc could, under 
those circumstancos, bo found within 11° of tlie sun^s 
apparent place in the sky. If there wore no corona 
truly solar in ite origin, tlicre would tliereforo bo around 
the moon a circle of intense darkness, 33° at least in 
diameter: at the edge of this circle a faint illumination 
would begin, fonning a luminous ring, sotnetliing like 
a halo, outside of which the sky would be lighted by 
rays from an only partially hidden sun. Of course, this 
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dark hole in the sky would be concentrio with the 
Bun and moon only at the moment when the eclipse 
was centrah In the actual state of things, the portion 
of the sky in the neighborhood of the sun is, of 
course, illuminatod by wlifttovor appendages of the sun 
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romain unhidden by tlie moon, and it is this faint illumi- 
nation, derived from the corona and prominences, which 
gives to the lunar disk its apparent solid rotundity. 

We have spoken of this illumination as faint, but 
generally it is considered to bo much stronger than that 
of the full moon, though there is some difference of 
opinion on the matter. There is no doubt that in many 
eases there is abundant light for reading a watch-face, 
even at the middle of the totality ; the writer, in 1800, 
found no use for a lantern in making notes or in read- 
ing a micrometer-head. But undoubtedly a large jmr- 
tion of this light is derived, not from the corona, hut 
from the illuminated air; for, though the observer him- 
self is in darkness, helms in sight all around the horizon 
a sunlit atmosphere.* 

Undoubtedly there is a groat difference between 
different eclipses in respect to the obscurity. The 
brilliance of the lower part of the corona — a narrow 
ring close to the limb of Iho sun — is dazzling; but the 
light falls off very rapidly. In an eclipse of long du- 
ration, tliereforo, when the moon’s apparent diameter 
considerably exceeds the sun’s, the hrightci' portion of 
the corona will bo covered, and llie light will ho much 
less tlian in an eclipse occurring when the difference 
between the diamotore of the sun and moon is only 
small. 

At the eclipse of 1809 an attempt was made to 

* This is specially obvloua If tho sky is covered with clouds of luodb 
uin donsity. In August, 1887, tbo writer liftd tho nilsCorUiiio to occupy 
ft atatloii (about 120 inlles iiorthoast of Moscow), where it was wholly 
overcast, ami a misty ralii was falling much of tlio limo during Dm 
oollpso. At tho middle of tho oollpso tho darknesa was liardly groalor 
limn in n heavy Ihunclorstonn : tho momont when totality ” began 
could not bo dotormlned with any aconracy at all, and its oloso waa 
doubtful by some Bccouds. Fine print could bo road all iho ilmo. 



THE OOBONA. 


sns 

measure the darkness of tlio totality, as compared with 
that of night. The obscurity proved to bo bo itiuoJi 
deeper than Imd been expected, that tho iiigoiliouH in- 
strument which Professor Eastman had dovisocl for iho 
purpose turned out inadequate to deal witli it (sxuc.tly, 
The apparatus consisted of a tube about ton inolioH long 
and two and a half in diameter. At tho bottom of this 
was painted a small white star of five point«, with a 
black dot in tho center, and a black rinf^ avoutul it. 
Tho other end of tho tube was closed with a BO-eallod 


rm. t)l. 
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“ oatVoyo,” a sqimro opening, tlio aiao of which cum bo 
varied at will, by moving two slides witii a iiiicroitictoi’- 
Boi'ow, or rack and pinion. 

A small tube, attached obliquely to tho lai'go ono, 
like a teapot-nose, allowed the oheorvor to look ivt tho 
star, and the amount of light from tho sky wna thon 
measured by opening or shutting the alidos until tho 
dot and ring in the center of the star juat eoasecl to ho 
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viBiblo. Kot only did the ring and dot become invisible 
with the whole aperture of the cat’s-oye, but the star 
itself was invisible during the totality. Professor East- 
man, on the whole, concluded that the general darkness 
was on this occasion about the same as an hour or so 
after sunset, when third-magnitude stars first become 
visible. The instrument was pointed at the isenith, 
however, and not at the corona, so tliat it gave no direct 
determination of the coronal light. Neither do the ob- 
servations of Mr, Ross, in 18Y0 (by whicli the general 
illumination was compared with the light from a candle), 
answer the purpose any better. And substantially the 
sarne is true of the observations made at subsequent 
eclipses ; especially in 1880 and 1889. 

Olio or' two attempts ha\^e been made to compare 
the shadow cast hy the corona with that produced by a 
candle ; but the coronal shadow has always been so 
masked by the general aerial illumination as to defeat 
the observation. One astronomer only, so far us known 
to the writer, 1ms made an estimate of the coronal light 
based on anything liko a scientific foundation. Belli, 
in 1842, found that the corona seemed to him to give 
as much light as a caiicllo at a distance of 1‘8 metre. 
He was short-sigljted, so that an object liko a candle 
a])pearcd to him as a confused patch of light, and it 
was by taking advantage of this defect in his vision 
tliat ho was able to effect the comparison, which must, 
however, have been only very rough. Two weeks later 
he compared, in the same way, the full moon, at the 
same altitude, with a similar candle, and thus found 
that tlic light of the corona was less than one sixth that 
of the moon. This comparison, however, is so nnsatis- 
faetory in its details that no great weight can be allowed 
it- and it must, perhaps, be still considered an open 
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question whether the light of the corona is brighter or 
not than that of the moon, 

Tho lower portions of tho coronal ring, close to the 
enn, are usually much too bright to be looked at com- 
fortably with a telescope unprovided with a shade-glass; 
we have on this point tho testimony of Biela^ Struve, 
Uanyard, and otlicrs. Moreover, at a transit of Venus or 
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Mercury under favorable circuinistancea, tlie black diek 
of the planet beconice visible before it roaches tho sun, 
Janssen thus saw Venus in 1874, a!id Langley, Mercury 
in 1878. Of course, this implies behind tho planet ft 
background of sensible brightness in oompariaon with 
the illnmiiifttion of our atmosphere. It is generftlly 
considered that a difference of one sixty-fourth, in the 
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brightness of two adjacent portions of a surface ^ 
smallest quantity percoptiblo by the eye, and, if BOf t 
ooroim must be more than one sixty-fourth as 
as the aerial illumination at the edge of the suii^Jfci 
At an oelipso, also, the eoroim is fioinotimos seen 
seconds, or oven minutes, before the beginnii^f^ 
after the end of totality. Petit, in 1860, reports wooi 
it twelve minutes (sic) before the disappearauca o f t 
sun, and Lockyor, in 1871, continued to see it for tin 
minutes after the sun’s reappearance. But, as liuH 
said before, the light falls olt very rapidly, and tlit» o 
cr portions of the corona are of the faintest nobiilo^l 
It is greatly to he desired that, at the next eclipHC, ho: 
careful pliotonictric mcasuroincnts should be mac Us. 

Apart from tlic difCoronco iii the amount of lij 
at differonfc eclipses, duo to the variation in the intxi 
cliamoter, there is a stroJig probability that tlio c\ov< 
itself changes considerably in briglitness and o>:t< 
from year to ‘year. In 1878 it was tho general voi'cl 
of the numerous observers, who had also soon tlio ooli] 
of 1869, that tho eorona was much loss brilliant tl 
on tlio former occasion. Still, several obsorvoi*H 
deservedly high roputati(^n Imld a precisely coiitm 
opinion. The corona of 1878 was unquostionabi;/ 
more extensive. 

Of course, the known facts as to the periodicity^ 
sun-spots, and tho sympathy between thorn and 
])rominencc8, make it antecedently probable that it c 
resj^onding variation will bo found in tho coroiiiv* 

In tho eclipses of 1807, 1878, and 1880, all of wJi 
occurred near the sun-spot minimum, tho oorontt ^ 
characterized by very long, faint^ equatorial oxtoiiaic 
with distinctly defined diverging polar rnyst oti 
other hand, in 1870, 1882, and ,1893, the oqviaio 
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wings and polar rays were miicli less striking, tlie corona 
was more nearly circular, and its principal (level op jnont 
Avas over tlie sini-sj^ot zones. and 92 nuiy bo 

taken as nearly ty))ical. 

In the ocHpso of I87S, Avhicli occurred at a siin-s])ot 
minimum, tlio spectroscopic peculiarities of tho corona 
were- also greatly niodHied. The bright lino, which is 
its principal characteristic, bccamo so faint tliat many 
observers iniased it altogether. 

This briglit lino, as lias been said before, was first 
recognized as coronal at tlio eclipse of 1869. It had 
been seen reversed in the spcctrinn of tho chroinosjfiioro 
a few weeks previously, both by Mr. Lockycr, and, iii- 
dependontly, by the writer, Avho, IiOAVOver, did not know 
of tho earlier observation until some time after the 
eclipse. Ill the ordinary solar spectrum it appears ns a 
fine, dark line at 1,174 of Kirclilioil’s scale, or 5,310’0 
of RowbiiuVs — a line in no way conspicuous as com- 
pared with hundreds of others, and hardy visible with 
a siiiglo-prism spectroscope. AVitli a spcctroficopo of 
liigli dispersion it was foiuul, in 1870, to be closely 
double, the u])por (more refrangible) component being 
slightly hazy, while tho other is sharp and well-defined. 
The upper component is tho true coronal line, and is 
always seen Avithout mncli dittlculty, reversed in tlio 
spectrum of tho chroinoH]fiiera, Ilotli Kirclihofl* and 
Angstrom givo tho lino as belonging to the B))ecLruni 
of iron^ a fact Avhicb was for n time very ]ierplo>:ing, 
siiu^o it is hardly possiblo that tho vapor of this metal 
could really bo the pi‘ovailing eouatituont of tho corona, 
surmounting even hydrogen itself. This didicxilty, how- 
ever, no longer exists, for it is now clear that tho iron- 
lino is tho loAver ooniponont of tho donblo, its closo 
proximity to tlio other being only accidontal. Tho 
18 
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figure gives a rcprosontation of the lino and its snr- 
roiindingSj as Rcen in a liigh-disporsion spcctroseopo. 
The fiealo above tlio spoctriiin is tluit of Angstrom, 


Fio, Of 



JVlllTlOH OF THI{ S[*>:(’TlttT« KFAU TllK (JoHONA LfNK 

AH Hoon Avllli AU tiislminont of high dlspordlon. 


The liydvogeiidincs and II and K also appear briglit 
in the corona-S])cctrmn, It is, perhaps, not quite certain 
that this may not bo duo to rofleetion of tho liglit of tlio 
oh r 0 in 0 sphere in oiir own atmosphere, but, on tlio whole, 
probably not.* The atmospheric reflection extends in- 
ward, at an eclipse, over the dark disk of the moon, aa 
well as outward, and if the appearanco of the liydrogon- 
linos wore duo simply to this reflection, they should bo 
just as strong on the moou^e disk as in the corona. This 
does not seem to bo tho case, though in 1870 tho writer 
saw them plainly on the center of tho lunar disk; but 
' Jansson and Tjockyer agree that they are much hrightor 
outside. Tho 1,474 line^^ has lioen traced, by an ana- 
lysing 8pootroscp]ic, on some occasions to an elevation 
of nearly 20' above tho moon^s limb, and the hydrogen- 
lines nearly as far* What is important also, tho linos 
wore just as strong m the middle of a darh rift as my^ 
* Sco Note 0, pftgo 859. 
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where else. We shall have occasion to recur to this 
again. 

With the analyzing Bpcctroscopc the 1,4:74 line is 
very mucli feebler near the sun’s limb than the hydro* 
gon-linos, i, c., taking any small portion of the corona 
near the limb, the hydrogen is much more brilliant than 
tlic unknown vapor which produces the other line. 
When, however, the eclipse is examined by an integrat- 
ing spectroscope/^' tho relation of brightness is reversed, 
showing that the total amount of ^‘1,474: light” is the 
greater, and indicating either that it comes from a much 
more extensive area, or else that in the upper regions 
tlio hydrogen loses its brightness much more rapidly 
than the other material. 

As to tho substance wlucli produces the 1,474 lino 
wo have no knowledge as yet, though tho name ‘^coro- 
nium” has boon provisionally assigned to it, and the 
recent probable identification of hcliiun ” in terrestrial 
minerals gives strong reason to hope that before very 
long wo may find coroniiiin also. It would scoin that it 
must bo Bometbing with a vapor density below that of 
hydrogen itself, which is iocomparably the lightest of 
all bodies now known to our terrestrial chemistry. It 
can Iiardly bo any one of our familiar elements, even in 
any alloti’opic modification, sucli as has been suggested 
by some, for, in the midst of the most violent disturb- 
ances which are observed sometimes in prominences and 
near sun-spots, when tho linos of hydrogen, magnesium, 
and other metals are contorted and shattered by tho 
swiftness of tho rush of tho contending clomojits, this 
lino usually remains undisturbed, fine, sharp, and 
straight ; a little brightonod, but not otliorwiso af- 
foelod. For the prceont it stands (as did tlio helium 

*Sco pages 'ra, '/a for cxplanntlon of lliis term. 



liiloa until llauiKay’B discovery) an unexplained mys- 
tery/^' 

tins lino and tho lij^drogonJinos, two others 
hiivo boon doubtfully reported in tlio greeuish-yollow 
part of the H))ectrum. One of theun socins to have been 
maui twi(to: llrst, in 1800 by tlio writer, and in J8Y0 by 
J)euzH, in Italy* Its place is about 6,570 of Angstrom^s 
HCtilo. iStill, as one of the bariuni-Hnos, which is fre- 
(jiiontly and brilliantly reversed in the spectrum of the 
C/liroinospliero, is not very far from tins ])hico (at 6,581), 
it is (juito ])ossiblo that this was tho lino seoiu Tho 
other doubtful line (reported by the writer in 18G0) was 
ut 6,J5() (Angstrom), also very near, in fact Ijctwoen, 
tho placofl of two linos which aro consxncuous in tho 
chroinosphoiu 

Tim photogj’ajdnc spcctrinn of tho corona, observed 
more or loss fully at every eclipse since 1882, is full of 
detail unci interest, Its most striking feature is tho 
great calcium pair, II and K, but tlio violet and ultra- 
violet linos of liydrogon aro also conspicuous, and there 
aro a multitiulo of others less so* It is not easy, how- 

^ riH £ror|UQnL Idontifioation wHb n lino In tho Bpectrum of tho niirorA 
hoi'oullrt, for which , unfortiumtoly, tho wi'ltor was nt flrst mainly rospon- 
nlhloj 1 h a Htiiklng cxainplo of tho dlfncully of corrootlng a mletalto which 
has once guiiiod cniTonoy, A fow wockB before tho ft rat discovery of this 
lino In the spootruni of tho corona^ Professor Winlocic had obsorvod 
tho Hpeclnnn of a brlgiit aurora, and had published tho position of ftvo 
IlnoH! ono of tho ftvo posillona coindUoa with that of tho \^\H lino far 
within tho limits of error prolmble in such an obsorvatlon, and I juinpod 
to tho conoluHloii tliat tiio colncldonco was exact and signiftoniit. r4aler 
observalUms soon showed that this “line” In tho aurora spectrum Is not 
a lim at nil, strictly spoakliig, but n faint, Imzy band, never to bo soon 
oxcDpi In unusually bright auroras, and not at all idoiitiflablo with tho 
lino of the corona. 8o far as the spectroscope goes, thoro is no 
Indlcalloii of any ooniicellon botwoon tho corona and tho aurora of tho 
oavLh’fl atinosphoro, tliougli Ihoro aro other facts which suggest that tKO 
pliojiomoim tuay bo to some oxtont similar In Iholr nature. 
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ever, to dificrimiiiatG bet ween those linos that arc 
truly coronal and those that belong to the cliromo- 
ephoro/^ It would ho well at the first opportxinity to 
obtain photogmplm with simple ‘‘integrating*^ spectro- 
scopes as well as with “analyzing’* instruments. 

Besides bright liiieSj the eoroini shows also a faint 
continuous spectrum, and in this Janssen and Barker 
have observed a few of the more proinincnt darh lines 
of the solar spcclnnn — D, i, and G especially. 

This fact of course shows that while the corona may 
bo in great part coinjicsed of glowing gas, as indicated 
by the bright lines of its spcctniin, it also contains a 
considcrahlo (piantity of matter in such a state as to rc- 
fiect the sunlight — matter, probably, in the form of dnst 
or fog. 

This conclusion is borne out also by ilio result of 
observations witirdiiTorent forms of polariscope, which, 
for the most part, indicate that the light of the corona 
is partially polarized in radial plaiioR, just as it should 
bo if in part composed of leflccted light, We have said 
“for the most part/’ because there liavo been some 
very puzzling discrepancios between dilToront instru- 
ments and different observers, which wo have not space 
to (liscuBs horo. 

Since tlio corona, then, contains both incandoscont 
gas and also matter in such a condition of mist or smoke 
as fits it to rellcct light, it is an hiteresting question 
whether dillorent i^arts of fclio coronal strnctnro arc com- 
posed alike of botli, or whether there is a separation. 

It has been attempted to solve the quebtion by ex- 
amining tlio eclipse with a so-called “ slitlesB spootro- 
Rcopo”' — i, c., simply a prism put in front of tlio object- 
glass of a small tolcscopo, If, with Buch an instrument, 
one wore to look at a disiiint olijcct emitting liomogo- 
* Soo Note 0, page 86Y* 
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ncous light (an alcohol-flamc tinged witli fialt, for in- 
stance), one would seo it precisely as if tlio prism word 
not there, except that the refraction would (diaugc the 
apparent direction of the object, If tlio light wore 
composed of throe or four bright lines, like that from a 
Geissler tube filled with hydrogen, there would then 
appear the same number of colored images. If the 
light were like that of an ordinary candle, which gives 
a continuous spectrum, one would got merely a colored 
streak. Finally, if we had a soiirco of light coiuhiiiiiig 
these different conditions, a lamp-fiamo, for inslaix^u, 
tinged in some parts with sodium and in others witli 
lithium, we should tlion have the streak of color inarlcod 
in the yellow with a clear imago of tho sodium part of 
the flame, and in tho red and violet with images of that 
part of the flame which was colored by litliium. 

If, then, the long rays and Btreamers of tlie corona 
were mainly composed of the gas which gives the 1,47*1 
line, we ought to see them distinctly through tlio prism 
on a background produced by tlie light from tho reflect- 
ing mist. Nothing of the kind occurs, however. Tlio 
slitless spectroscope, in tho hands of various obsorvers 
since 1870, has shown a continuous hand of liglit with 
several smooth, bright rings upon it: tho briglitost and 
largest ring was green (corresponding to tho .1,474 line), 
and there were three other fainter ones in tho rod, hi no. 
and violet, corresponding to tho tlirco brightest linos of 
hydrogen. It is to be inferred, therefore, that the gaa- 
eons matter of the corona forms a pretty regular atmos- 
phere around the sun, and that the structural elomonts, 
the rays, rifts, and streamers, are mainly due to mist or 
dust— at least they seem to give a continuous spectrum, 
With this agrees the fact, before mentioned, that tho 
1,474 lino is just as hriglit in tho middle of one of tho 
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/lark rifts as in a bright streainor. In 1878 the elitlc^s 
spoctroacopc, howovoi’, failed, in the hands of all the 
ol)sor\^ors, to show any rings at all. This fact, taken 
with tliG loBSoncd hrightncss of the corona on that occa- 
sion, Bcoms to indicate that the gases of the coronal at- 
mosphere, at the time of a fiuii-sjiot minimum, are much 
diminiBhod in extent and brilliaiico, while the streamers 
arc comparatively unalleciod. 

-RA.VXD OIIANGES IN THE OOnONA. 

The question has hoen often raised, whether the 
appoaraiico of the corona changcB during an eclipse. 
Many drawings soom to show that this is the case ; they 
rejn’OGont the corona at the beginning and end of the 
eclipse as much wider on that side of the sun less deeply 
covered by the moon — on tho western edge, near the 
beginning of tho eclipse, and on the oastorn, near its end 
— wliile it is approximately symmetrical at the middle 
of totality ; and this cireuuistanco was much relied upon 
for a time by those who maintained that the corona is, 
in the main, a pl\onomenon of the earth’s atmosphere, 
Other drawings, however, of tho same eclipses, show 
nothing of tho kind, nor do tho photographs, except in 
one or two instances, whore a sulHcicnt explanation is jbo 
bo found in drifting clouds. On tlio other hand, pho- 
tographs taken at difloroat moments during an eclii^sc, 
and at stations many limidrod miles apart, agree so close- 
ly as to make it ovidont that tho main features of tlie 
corona change only gradually, persisting, as a rule, for 
hours at least, and porliaps for days and weeks for aught 
wo know. At the same time they do sometimes change 
j)er(jy)Ubl}/y oven in the course of twenty ininiitos, while 
the siiadow is traveling between stations only a few 
hundred miles apart. Somo ha^o thought they saw 



m 


THE SUN. 


rapid movements in the stroainersj and Inivo deseiulKMl 
thorn as waving and flickering ; one or two liavu i)vvM 
imagined that the corona ^‘wlnrl(3d like a catlierim^* 
wheel” Probably this is mere imagination, thongli 
the unsteadiness of the air might give u person nmiscd 
to astronomical observation the idea of qiiivorif^g mo- 
tion. The usual impression upon the mind is (ptiln 
different — that of calm, soreno stability, 

Combining the facts tluit have been ascertained, and 
speaking in the most general way, it would seeni that 
the corona is mainly com])OSGd of filaments which eitlier 
emanate from the sun or arc dovoloped in his almos- 
phere most abiiiulantly at those portions of liis siirfacu 
about midway between tlio equator and the ])oles, ihose 
filaments which are emitted on either side of tlio zone 
having a tendency to lean toward the eentjud ones. As 
a consequence, the corona tends toward tlm form of a 
four-rayed star, the points of which aro incilitUHl dfl® to 
the sun^e axis, and aro made up of converging fdaimnits, 
constituting the synclinal structure which Mr. Xianyard 
first clearly brought out, 

Obviously, however, this statement must he taken 
very loosely. Every eclipse ])rcfionts Rtrikiiig (3X<3op- 
tions. There aro always streamors tangential, ciuwod, 
or inclined, which can bo brought nndor no such lailo 5 
faint, far-reaching cones of light, like those whieli were 
seen in 18 Y 8 ; dark rifts, rounded masses of nebulosity, 
vortices, and a multitude of other peculiarities of struct- 
ure no more reducible to a formula tlian the shapes of 
flame or clon'd. 

Opinion Is very widely divided as to tlio naturo 
and origin of the substances winch compose the coronal 
etrncturos. Very fow now, we tliink, deny the 
once of an atmosphere of incandescent gases roncliiiig 
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to an olcvation of at least 300,000 milcB, and tins al- 
tlioiigli there are enormous diflicnUics in harmonizing 
an atinospliero of such extent with tlie low pressure at 
the surface of the photosphere, indicated by tlio lineiioss 
of the Fraunliofor linos in the spcctrnin. Ihit, as to 
the material of which the streamers are composed, and 
tlic nature of the forces whicli clctormiiie their form 
and position, their is no agreement. Some see in the 
corona simply Hocks of meteors, and there can bo no 
(loul)t that metoorio matter must abound in the sun’s 
iimncdiato neighborhood. But looking, for instance, at 
the pictures of tho eclipse of i871 and 1889 it appears 
evident that tho details of that corona could not be ac- 
counted for in this way. It seems much more likely 
that tho phenomena of comets’ tails and tlie streamers of 
llio aurora arc phenomena of the same order, and though 
as yot tlie eshd^lisliment of this relation would not 
amount to anytlung liko an explanation of the corona, 
it would bo a stop toward it — a stop by no means taken 
yot, however, it must be admitted ; nor is it easy to see 
at present how tlie problem is to bo attacked. That the 
forces coneornocl reside in tho sun himself is made prob- 
able by the usual approximate symmetry of tho corona 
with roforoneo to his axis, and tho fact that tho coronal 
streamers seem to originate most abundantly nearly in 
tho sun-spot zones. 

But wo must evidently wait awhile for tho solution 
of tho ])robleina presented by tho beautiful phenomenon. 
Ihwsibly the time may come when some now contrivance 
may on able ub to boo and study the corona in oi’dinary 
daylight, as ^YO now do tlie prominoncos. Tho epoctro- 
scopo, indeed, will not accompliBh tlio purpose, since 
tho rays and streamers of tho corona give a continuous 
spectrum ; hut il; would he rash to say that no means 
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will ever bo found for bringing onl. tlic HtrneturoH around 
the sun which are liidden by tho glaro of out* atiiioH* 
phore. Unless something like this can im doiiu, Ihn 
progress of onr knowledge must probably ho very slow, 
for tho corona is visible only about eight days in a cent- 
ury, in tho aggregate, and then only ovtsr narrow stripes 
on the cartli’s surface, and lint from one to ilvu miiiiihiH 
at a time by any one observer.* 

Within tho past fow years a minil)or of very uuriiesl 
attempts have been made in tho direction iiulieated. 
Dr. Huggins was the first to move, and from for 

a mnnber of years worked liard in the ondoa\'or to oh- 
tain photographs of tho corona in full suiishino. lie 
succeeded very early in getting a numhor of plates tiliow- 
ing around tho sun certain faint, olusivo lialo-fnriiiH 
which certainly look very coronal. .Plans were made, 
and were carried out, in J88i, for using a siniihir appa- 
ratus irpoii tho RiiXolboi’g in Swi Borland, and after- 
ward at tho Capo of Good Hope. Nothing has heeii 
ohtained, however, much in advaue .0 of Dr. llngginH's 
own first results. But since Soptombor, 188.1, uiiCtl late 
in 1886, the aii’, as every one knows, was full of a iiiie 
haze, probably composed in tho main of <lnBt and vnjtor 
from Krakatoa, which greatly intoi’forcd with all Hiich 
operations. 

About tho same time that Dr. iriiggine was photo- 
graphing in England, Professor Wright, of .Now Ifavwi, 
fl'fls experimenting on tlio same subject in a diiToroTit 
way. He reflected tho sun’s rays into a dai’koncd room 

♦This GStirantc is based upon Iho /not timl total ocllpscB ocoiir on tho 
overngo about onco in two years, tlmt the shadow oooiiplos ton llio nvor- 
ago, again) some tbroo hours in tmrcrsiiig tiio glolio, and tlmt tlio niotiii 
duration of totniity is hotwoon two and tliroo inlniiloB, novor by niiy pos- 
slbiiity reaching oigiil inimitcs, and very seldom six. 
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by a holiostat, cut out all but tlio blue and violet raye 1 ly 
a suitable absorbiiig-ccll, and then formed an imago of 
tbo sun and its surroundings upon a sensitive flnoi-escont 
screen, stopping out tbo sun’s disk itself. lie obtained 
on the screen, on more than one occasion, what lie then 
believed and still believes to be a true imago of tlic 
corona. But the aerial baxo soon intervened to put an 
end to all such operations; for of course it is evident 
that success, wbotber by photography or by fluorosconce, 
is possible only under conditions of unexceptionable at- 
mospheric purity. 

Both Professor Wright and Dr, Huggins base their 
hopes upon the belief, which scorns to be warranted by 
the spectrmn-phologi’aphs obtained during the Egyptian 
eclipse of May, 1882, that the light of the corona and of 
the upper regions of tho sun’s “atmosphere’’ (if one 
may so 8])eak of what is not strictly an “atmosphere” 
at all) is peculiarly rich in violet and ultra-violet rays 
—that tho corona is far move brilliant to tlio photo- 
gra])hic plate and to the fluorescent screen than to the 
eye. 

Tho reports from tho eclipse of August 20, 1886, ob- 
served by English and American parlies on tlio island 
of Grenada in tho Southern West Indies were strongly 
unfavorahle to tho reality of tho eoi’onul appearances 
obtained by Huggins and Wright in their attempts to 
roudov tho corona visible without an eclipse. Plates 
furnished by Mr. Huggins, and ])rcci8ely similar to those 
which ho has employed in liis photographic experiments, 
were ox])OHod by Oaptain Darwin during the totality (as 
well as before and after it), in an apparatus like Mr. 
Huggins’s, with a time of exposure tho same that he has 
1)0011 using, and wore treated and developed in accord- 
aneo with his directioiis. Tim plates which wore thus 
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exposed during tlio totality s/iow no Govonct at all^ tho 
exposure time having proved insufliciont to bring it oiiL 
Nor do tlio plates exposed during tlie ])artial plinno sliow 
any trace of the moon’s outline hoyond tho sun’s limb. 
Of course this makes it oxtronioly probable that 'wliat 
looks like the corona upon plates exposed in tho same 
way to the uneolipsed sun is merely a fallacious gliost, 
due, as liis opponents have always claimed, to something 
in Iiis apparatus or ])rocGss, or clso to tlio seattorhig of 
liglit in our atmosphere. It is true, as Mr, Oominon 
points out, that the result is not absolutely conoluBivo, 
because the air was by no means satisfactorily clear dur- 
ing the eclipse ; but it must bo conceded, and Mr, Hug- 
gins himself admits it, tliat the probability is now lioavi- 
ly against him. Captain Darwin obtained good pictures 
of the corona with ordinary plates exposed for a longer 
time in the usual apparatus. 

The later eclipses of 1889 and 1893 also hoar in tlio 
same direction. 

More recently still, Professor Halo has mado a now 
attempt with the spectro-heliograph, from Pike’s l^oak 
and the top of yEtna, as well as from liis own observa- 
tory. He was in hopes that by tho iiso of tho douhlo 
slit of the instrument, shutting out all but tlio 'HC light,” 
which is especially strong in the spoctnun of tho corona, 
the effect of the aerial illnmination miglit bo relatively 
reduced to a groat degree, because in tlio spoctimin of 
tho air light, K light ” is almost M^aniing— in tho nir 
spectrum TC is a black band. But lie lias Iiad no bettor 
success than his predecessors. 

He is now about to try still another mothocl, and 
emloavor to make tho corona manifest itself by its heat- 
rmjs^ using for the purpose a bolonmtrio appai’atiis very 
similar to that with which Professor Langley has boon 
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making liis romarlcahlo investigftti{)u of tho iit£ra-red 
Hpndtnmn 

jVobably it inRHL bo [uliniLUul iluil; at ])resoiit tho 
pmlominant- opinion among astronoinorB and photog- 
rapbors ia againnf, tho praoticability of roaoliing the 
oorona Avitlioiit an eolipBOj by any such mothods ; still, 
to the wriUn* at loastj the oam a|)poars hy no moans ab- 
fiolutoly liopoloHS, and bucoohb is oortainly dovontly to be 
dosirod. 

Wo immt not cIoho tho obaplor witliont a few words 
aa to the rooont ouurso and ilie ])rosont stale of theoret- 
ical Bpeculjitinn rospocting tlio eoronii. 

At the eedipBO of 188?}, olKserved on Caroline Inland, 
in the Paciiie Ocean, by French and Amcricaui parties, 
VrofesBor Ilatttlnga made obaorvatioiia for the purpose 
of teatliig a theory he bad framed, that the outlying re- 
gions of tlio (corona are merely a dlffmoUoii elTe<!t pro- 
duced hy the edge of the moon ; the diffjaetion being 
not that {luo to the period haty of liglit-vibra- 

tionH, ordimirily diseaiBsed, but due to tlio probable con- 
tinually 0 (j(mrring discontiiniity or change of phase in 
the vihratioiiR* It Hoeins probable, from a not perfectly 
cioinpleto investigation, tlmt Ruch dificontiiuiity. might 
Hcattor light far hoy ond tho limit h of ordinary clilSrac- 
tioJi. IIo found during the eelipae, hy an apparatus 
conatmetod mxproRttly for tho purpose, that tho bright 
coronadirui (1174 IC) was always visihio to a inneh 
greater diataiuic from tho sun on the side least deeply 
covered hy the moon tlnui on the othov, aa unquestion- 
ably ought to bo tlio case if bis tboory were correct, 

Ihit the ftaino thing would rcHult from the diffusion 
of light by tlie air ; and the French observerH, and nearly 
all otlierfl who have dmciisKed tlu5 matter, fool satisfiod 
that this is tho true explanation of what he eaw. He 
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liiinself iiow^ wo uiuIcrKtaud, thinks ifc nol- iinpossiblo 
tliat a tlhii oloinl may have passed over tlic huh just at 
tlie critical momentj and so have vitiated liiH observa- 
tion. 

Tlie discussion wliich 1ms followed Ids pnbliciition 
seems to have only strengthened the older vio\v, tliat tlie 
corona is a true solar appendage, an intensely lundnotiH 
though inconceivably attenuated cloud of gas, fog, and 
dust, sinTOiiuding the sun, formed and shaped l)y solar 
forces. 

The fact that comets, themselves mere airy notldnga, 
have several times (the last instance was in f 8S2) pasHod 
absolutely through the corona without exporiomcing uuy 
sensible disturbance of path or struetnro, has, howes'or, 
been always felt by many as an almost insuporiiblo diiU- 
culty with this accepted tlieory, and more than anything 
else led Professor Hastings to propose his new hypothe- 
sis. But, on careful consideration, wo sinill find tlmt 
our conceptions of the possible attenuation of sliiniug 
matter near the sun will bear all the needed ^^strotcdi- 
ing’Mvithont involving any absurdity. Keealling the 
])lienoinonaof tlio eleotrical discharge in OroolcoB^s tulms, 
it is clear that a cloud, witli porJiaps only a single 
molecule to the cubic foot (but thousands of miles in 
thickness), would answer every luminous cojulitioii of 
tlie phenomena. And all the rifts and streainors, and 
all tlie peculiar structure and curved details of form, cry 
out against the diHraction hypothesis. 

Professor Sclmelierle, of tlio Lick Observatory, has 
proposed a veiy diilcrent hypothesis, which ho calls a 
‘^mechaincaP’ theory of tim solar corona. As a basis 
he assumes that the oruptions from the siiids snrface are 
most active and nnmorons in the spot-^onos, and that 
the sun rotates upon an axis inclined to fcho piano 
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oT tho carfcli’H orbit Tlion, in liirt own words, “ the tlioo- 
rotioal corona m cauttod l)y liglit cniittod and reflected 
from fiireaiiitt of matter ojecited from the sun by forces 
whieli in general act along lines normal to the surface 
of the sun, tliese forces being most active near the cen- 
ter of each sun-s])ot zone.” 

Many of the ai)parcnt variations in tho typo of the 
corona will therefovo depend upon tho perspectivo un- 
der whiclt these Rtreams are seen, according to the time 
of year; otliors upon llio relative ahuudanco and force 
of tlio stroaniB on diiteront portions of tho solar surface 
according to tlie phase of tho sun-spot period at tho 
time; and otliors yet, Ihc curved rays especially, are 
caused by ()i>ti(jal illusions due to tho apparent crossing 
and intorliicing of Ktimms that Ho in different planes* 

If wo asHumo, as Mr. Scliaoborlo docs, that the ojocted 
material which forms the streamers leaves tho sun with 
a vohxdty wliieh may he as great as nearly fohr hundred 
miles a second, and returns with tho samo velocity after 
liaving huveled us far away as the orbits of Jupiter and 
Raturii, it appears that the neighborhood of tho sun 
ought to ho inicd with a diffuse shower of swiftly do- 
Bcending dimt, mot and ponotratod by the more doflnito 
and concentrated aseondiiig jots! In tho interplay and 
conflict of the rising and falling materials Mr. Sclmc- 
berlo thinks ho finds tho explanation of tho periodicity 
of the sun-spots, wliilo ho accounts for tho oxistonoo of 
the sun-spot zones by tho manner in wliich tho heated 
giisos, rising from tho center of tlie cooling globo of tho 
sun, would roaeli tho surface and ])roduco in tho plioto- 
Hphero zonoB of greater and lesser tlncknosa^ — bolts of 
surface strength and weaknoBs. h'or a more detailed 
lie, count of this tlicory, which has already gained pretty 
wide acceptanco, wo must refer tho reader to its pro- 
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poBor’s original x^apt^rs in the Lick Observatory report 
upon tlio eclipse of December, 1889, and in VoL xiii 
of Astronomy and Astro-DJiysics,” April, ISOL It 
gives, however, no intelligible account of the apparent 
spectroscopic diflerences between the chromosphere and 
corona, and the magnetic forces acting at the sun do not 
ap]:)Gar in it at all 

'What may be considered as the principal rival tlieory 
regards the corona as very like a permanent aurora 
around the sun, the position and direction of its stream- 
ers being determined by the sun’s magnetic flolcl of 
foi’ce, in the same way that the tcn-estrial lines of 
magnetic force direct the beams of our own aurora 
borealis.” 

Professor Bigelow, of the U. S. Signal Service, has 
rccontly investigated tho subject mathematically, and 
apparently with great success so far as coiiccrns tho dis- 
tribution, curvature, and general appearance of tho 
streams and filaments which compose tho corona. Ilo 
finds tliat in the sun, as in the earth, the magnetic axis 
docs not coincide with the axis of rotation, tho sun’s 
north raagnotic polo being distant and tlio southern 
from the corresponding pole of rotatiom Ho finds 
that in tho corona of the eclipse of 1878 (tho xfiioto- 
graphs of which lie ^vaa able to obtain for measurement) 
the 'force which directs the streamers appears to bo re- 
pulsive, and that the bases of the individual strcamcj's, 
not very numerous but of enormous dimensions, are 
mainly grouped in a zone some 10^ wide, witli tlio 
greatest density about 31® from the coronal ])o]eB, while 
their visible upper extremities are located about 600,- 
000 miles vertically above the sun-spot bolts. Ho adds: 

At this pilace the incandescence of the material parti- 
cles a])])arontly ceases, and if condensation sots in tlioro 
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would oxisfc tho fionLlilions reqiiitotl for tlie prcelpitatioTi 
of cool whoi^o fall upon tho surface of tlio «uu is 

gonoralJy sui)poKecl to produco the spofcH.” Ho considers 
that tho tftriicturolesB equatorial wing is no doubt a 
floating mass of tualtor cooling in tlio process of prepa- 
ration for precipitation.^’ For further details ^ve must 
refer the reader to Professor Bigelow’s papera m the 
“American Journal of Science’’ from 1801 to 1804. 

As to tlio origin of tho roinilsivo Xoroo wlucih causes 
the projection of tlio streainors from the poliir "regions, 
Professor Bigelow does not coiuinit liimsolf, though 
evidently having in view the idea that it may Uo ^‘elec- 
ti'icul” in tho broad soiibo of tlio word. 

Wo must not close the chapter without at least a 
reforeneo to tho beautiful experimenta of Dr, Piipin, of 
Now York. Under certain conditions lie obtains mag- 
nificent “coronoidal discharges” from tho Biirfnco .of 
a hra^a ball inclosed within a largo glass globe, from 
which the air lias been more or less jmrfcetly oxliansted. 
Tho photographs are certainly very suggestive, and seem 
to show that if there are violent electric disturbances 
upon tho sun — solar thunderstonuH ” so to speak — 
they might inductively ])roduco coronal streamors. The 
possibility, however, of such thuiidorstorms at solar tem- 
peratures is oxtromoly doubtful at^ircsoufc, and tlio sub- 
joet must 1)0 loft for further dcvolopmonh 


u 
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iSunlight expressed In Cnndlc-Power, — Method of Mcnsuroincnt.— 

ness of the Sun’s Surface, — Langley’s UxpoHinent, — Dlmiiinliim 
of Brightness at Edge of the Sun’s Disk.-^IlnstlngH’s View ns U» 
Nature of the Ahsorbing Envelope. — Amount of AbHurpthm by 
Sun’s Atmosphere. — Thermal, Luminous, niul Acliniu Unys: tinilr 
Fuiidamoiital Identity and DilTevoncos. — Measurement of tlio Hini’rt 
Radiation, — Hcrsehel’s jllethod. — ExprcBsloiw for the Amount of 
Sun’s Heat. — Ponlllot’s IV^ieliomotor,— Crova*H. — VIollo’s Aollnom* 
etor. — Laiigicy’s Kesoarchos,— Absorption <jf Ilout by KuitliV Aliiios* 
phero*, by the Sun’s. — (plication ns to DUVoreiicoHof Tnniuu'ntnrn on 
Different Portions of Sun’s Disk. — Question m to Variation of Hiui’h 
R adiation with Sun-Spot Period.— The Sun’s TcinpunUnro — Aetmtl 
—Effcotive,— Views of Secehi, Ericsson, Pool Hot, Vlnilro, lU»Hi3ltl> 
Lo Clmtelior, and Wilson and (Ivay, — Schelnor’a Spcctu>Hcui»le Kvl-* 
donee.— Evldeuoo 'from the Bnming-Glasa. — Langley’s Exporiinmit 
with the Boasomer “CJonvorter,” — ^Pornianonoy of Solar Heat for* last 
Two Tliousund Years. — Mctcorlo Theory of Kuii’a Heal. — IIuliuhoUx’H 
Contraction Theory, — ^Possible Past and Fuiiire Duration of llnj Hmi’a 
Supply of Heat.— Siemens’s DiUoiiablo Thooryi 

Sunlight is the inteiisoat radiance at prosent known. 
It far exceeds tlio brightness of tho caleiniibliglU.j ami 
is not rivaled oven by tho most povvorfnl olcclric arc. 
Either of those lights interposed hot ween tho oya ifiul 
tho surface of tho sun appears as a black spot uj)oii iho 
disk. 

Wo can measure with some accuracy the total ejuan- 
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tity of minliglit, and state the amount in carulle-poAv- 

; the flgui'o wliieli expresses tlio result is, Ijowevor, so 
cnormons that it fails to convey nmcli of an idea to tlio 
mind— it is l,n 75, 000, 000, 000, omyiOO, 000,000, 000 :—fif- 
toon hundred and soveatydivo hillions of billions, ouu 
morated in tho English manner, wiiicli requires a mil- 
lion million to malce a billion ; or one octillion five Inin- 
dred and sovonty-livo soptillion, if wo prefer the Erencli 
onuineration. 

Tile eandle-powor/^ which is the unit of light gen- 
erally employed in photometry,'^’ is the amount of light 
given by a sperm-candlo weighing one sixth of a j^ouiid, 
and burning a hundred and twenty grains an hour. 
An ordinary gas-burner, consuming live foot of gas 
liourly, gives, if the gas is of standard ({iiality, froni 
twelve to sixteen times as inucli liglit, The total light 
of tho sun is tliorefore about equivalent to one Imndi'ed 
oilHon billion of such gas-jets, 

This stateinont rests mainly upon tho. mcasuromonts 
made by Bonguor in 1725, and Wollaston in L799 ; since 
then, however, confirmed liy others. They found that 
.the sun in tho zenith would illuininate a white surface 
about sixty thousand times os intensely as a standard 
candle at tho distance of one motro. Allowing for ab- 
sorption of light in our atmosphere, tho figure would 
rise to about seventy thousand. As tho distance of 
tho sun is ninoty-tliroo million miles, or very nearly a 
hundred and fifty million kiloiuctros, it follows that, 
if wo multiply 70,000 by tho square of 150,000,000,000 
(reducing Idloniebros to inotrcB), the product will express 

* Tlio photoinotrlo unit proposed by llio I'lii'Is IntorniUioniil Ooiip^rcss 
In 181)0 la Olio twoiUictb of ibu light omittod by a fl<iuiii ’0 continiotro at 
molioii plathnim jnat soUdlfyh^ It In called tho “deohiml cantlloy iiiicl 
l6 about ono nor cent, Bmallor (ban tbo old unit. 
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the number of candles whi(di, at tlio Bun’a flintiinno^ 
would give a light equal to that of the sun. The iiuni- 
bei’ comes out as stated above, though it is nmloubt- 
eclly iincortaiii by a considerablo i)oreoJitag<\ It <lo- 
ponds upon old observations* which’ ougl^t to bo rt'- 
peated; observations, also, which aro diiliinilt ami 
never very satisfactory because of tho vagnono^H 
tliG unit, the extreme dillorouco between tlu^ inUumity 
of the lights compared, and, what is still more troiibliv 
some, the diilerenco between the color of ihe^ sun- 
liglit and of caiidledight. 


Fid, t)-l. 



Tile metbod of making such a eompiirison is illuB- 
trated by Fig. 94. A mirror, jV, tbrowa tbo niys of tho 
aim into a darkened room upon a email Iona, tbo clinin- 
eter of wbicb is accurately known. This Ions brings 
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fcliG mye to a focus at after imssiiig wliieli point they 
cHvergo aiul fall upon a white flcreoii^ xS'j at a consider- 
able distance. Neglecting for the present the loss of 
light by reflection at the surface of the inirj’or and 
transmission through the Icns^ wo may say that the 
illumination of the screen is ns many times less than 
that of full BUiiliglit as the area of the lens L is less than 
that of the wiiolo disk of light upon the screen. If, for 
instance, the lens is ono fourth of an inch in diameter, 
and the circle of light on the screen is ten feet across, 
then the light on the screen would bo 230,400 times 
fainter than sunlight. If wc allow for the loss by re- 
flection and in the lens, the ratio would probably not 
be far from 300,000 to 1. Of course, these two correc- 
tions must be (and can bo) accurately determined by 
special obsoiwations for the purjiosc. Having got thus 
far, there are various methods of proceeding. Tlio 
Biin 2 )loBt, and by no moans the least accurate, is to place 
a small rod, like a pencil, near the screen, so that its 
shadow will ho cast by tho sunlight at a\ the candle of 
comparison, (7, is then moved back and forth until a 
position is found at which tho shadow cast by its flame 
at 1) is equally strong with the other shadow. Then the 
relative amounts of illumination on the screen produced 
by ibo mn and by the candle will ho as tlie squares of 
the lines and i O. There are other methods ad- 
mitting of still greater precision, hut all omhaiTassed 
(as this is) by tho diilcrenco of color botweou sun- and 
candlodiglit. Tho most uncertain part of the operation 
lies, however, in tho corroctions for loss of light in the 
atmosjfliore, at tho mirror, and in the lens. 

Thus far we have considered only tho total light 
emitted by tho sun. Tho question of tho intrinsic 
brightness of his surface is a dilTcront though connootod 
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one, dcj^Giidiiig for its sohition upon the same observa- 
tions, combined with a determination of the light-radi- 
ating areas in the different cases. Since a candlc-flanio 
at the distance of one inotro looks considerably larger 
tlian the disk of the sun, it is evident that it must be a 
good deal more than seventy thousand times less brill- 
iant. In fact, it would have to bo at a distance of 
about 1*65 metres to cover the same area of the sky as 
the sun does, and therefore the solar surface must ex- 
ceed by a hundred and ninety thousand times the aver- 
age brightness of the candle-flame, 

In the calcium-light tlio Imninous point is both 
much more brilliant and much smaller than a candle- 
flame, so that the discrepancy is considerably loss. Ac- 
cording to certain experiments by Foucault and Fizoau 
in 184J:, the solar surface was found to be a hundred 
and forty-six times more brilliant than the incandescent 
lime. At the same time they experimented upon the 
electric arc, and found tlio brightest part of this to be 
only about four times fainter than the sun. Their ex- 
periments were, however, conducted by exposure of a 
Daguerreotype-plate to the rays to bo compai’ed, and 
there is room for considerable doubt as to their accuracy, 
hater experiments have showed in some cases a rather 
higher intensity for the brightness of the positive caz‘- 
bon of the electric arc (which is always muolx more brill- 
iant than the negative). It is asserted in a few instances 
to have reached a brilliance fully half as groat as that 
of the solar surface ; but the evidence is not entirely 
satisfactory, the comparisons being only indirect. TIio 
inngnUicenfc liglits produced by the dynamo -oleotrio 
machines of the present day differ from that employed 
by Foucault and Fizeau, not so much in mieiisiiy as in 
Tlio illuminating surfaces are larger, and the 
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extent of the arc much greater, but the brightness of 
the luiiiinons points concerned seems to remain about 
tlio same, and probably depends mainly iijjon the phys- 
ical characteristics of the carbon, which are CBsentially 
the same in all cases* 

One of the most interesting observations upon the 
brightnoBS of the sun is that of Professor Langley, who, 
a few years ago (in 1878), made a careful coniparisaii 
between the solar radiation and that from the blinding 
surface of the molten metal in a Bessemor ‘^convcrtcjv” 
The brilliance of this metal is so great that tlie daiizling 
stream of melted iron, which, at one stage of the pro- 
ceodings, is poured in to mix with the niclal already in 
the crucible, is deep brown by comparison, presenting 
a contrast like that of dark cofteo poured into a white 
cup.” The comparison was so conducted that, inten- 
tionally, every advantage was given to the metal in 
comparison with the sunlight, no allowances being made 
for the losses cnoountorod by tho latter during its pas- 
sage through the smoky air of Pittsburg to the. reflector 
which tlirew its rays into the photometric apparatus. 
And yot, in spite of all tliie disad vantage, the sunlight 
came out jme thousand three hundred tijncs brightof 
tlian the dazzling radiance' of tho incandescent motah 

Thus far wo have spoken of the sun as a whole, but, 
as has boon said before, there is a marked diminution 
ot tho light at tho edges of the disk ; bo marked, indeed, 
that it is excGOclingly surprising that any person slumUl 
over liavo questioned tho fact, as aoiuc — Lambert, for 
instance — ^liavo done. Arago came very near it, for he 
BOt the difforeuGo at only ^ 5 - — so little as to be hardly 
porcoptible. An image of tho sun a foot in diamotor, 
formed by a small telescope of two iiiclios* aperture, 
upon a white paper screen, shows tlio fact, however, in 
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an entirely unquestionable niannor. Many nui«Hur<i- 
inents have been made for tlio pui'pose of eoiiipai'in^ 
the brightness of dilTcrent parts of thu disk. I’rofesHdrrt 
Pickering and Langley, in tliis eomitry, and Vtigid, in 
Germany, are among the most rceontiuid roliiibhi iiivus- 
tigatora of the subject. Profesor Pickering (dTccieil 
his measurements by forming, with n small lolewtijic, 
an image of the sun, about Hi.'ctoon inches a<!ross, upon ii 
white screen perforated with an orifice three foiirl liH of 


an inch in diameter. The tcloseojie was placed lioriisoi)- 
tally, and the light directed upon it hy ii mirror, iiuich iih 
in the preceding iign re, except Unit the mirror was imiviid 
hy clock-work, so as to keep the imago constantly in one 
place. Aftei- the rays passed the oi’Hiee in the Hcreoii 
they wore received upon the disk of a Bunsen pho- 
tometer, and the light compared with tliat of a Htuiidiinl 
candle, in the ordinary way, and thus tlio ratio w'lis 
found between the brilliance of the center of- the dislc 


and that of other parts. Pickoi-ing makos tho ratio 
between the intensity of the light from the edge and 
center to bo thirty-seven per cent. 

Yogel, in 1877, procoodod still more olahoratidy. 
His instrument, called a spectral pliotoiuotcr, onahlud 
linn to compare with great accuracy, and diroetly, tlio 
brightness of the rays of different colors ]>roeooding from 
different parts of the sun~tho rod rays by thoniHolvus, 
and the same with the yollow, green, blue, and violot. 
ihe following table contains an abridgment of liiw ro- 
sulta Intheflrstcolumn,lieadcdD,isgivon tlio'dietmum 

the point from the sun’s oontor in porcontago of jJio 

the hvu“*^ give tlio ratio hotvvooii 

m d color at the center of fclio disk 

and at the point m question, oxprossod also as a por- 
Tta„, at the 
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laiioij of Olio liiiiulriMj jior coni, of this min’H iiidhis from 
ils editor, tJio riolot lias an intoiisity of only thiv- 
tcoii por ooiit. of its iiit.wmi)y at fcho (muter, and tlic rod 
tliii'ty jior oout. of /V.v oonlral inlouBtty : 



Wo liavo ftdilod, in a iaHteolitnni,H(>nu)of (lio results 
of Pi'ofoHBor IMckerinft, wliieli, it will lie Hticn, for Iho 
nioHfc pni't live in ([uito HiUiKfiudoi'y {lecovdimeo witli thoso 
of Vo^ol* 

Ono thing is ohvitniH from Vogel’s tivhlo, namely, 
that the eoior of (ho light iimst he dilTereul at the edge 
of Iho dish from wlnil. it is in the oontor, siiico nioio of 
tlio violet liglit limn of llm rod is lost ivl tlie iinili. 

rrofoHBor liUngloy, in lS7r>, in (iblonijiting to moas- 
uro direi'liy tlm rolnlivu lirighlnoHs of poiiits iioar fcho 
fionloi' and limit by hringing, in a very Ingenimis man- 
ner, the light from llm two points to eoufront each 
other on ii ihmscii |)liol.onmteiMlisl(, found this to ho a 
very notieeable fact I he edge is of a Horfc o f ohoeokto- 
Imnvu and the eeiilm* ijiiite hliiisli, if we take oi'dlnnry 
snnliglil as the shindnrd of whiUimiiw. Tim dill’oroneo 
o£ tint \yiiK Kudieieiitly tleeided to make the nioBsuroB 
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very difficult. Wo liavo never soon in print tlio roHulfs 
of this work of his, and do not know wliotlusv tlusy liavii 
yet been published. Vogel’s work, howevorj from llm 
greater completeness of its analysis in respect to tlie 
different colors, must take the prccodenco of ovorythiiig 
hitherto dono in this lino. 

The cause of this cnfoeblement of tho light nonr the 
limb of the sun is, of course, tho (ibsorption of a portion 
of the rays by the solar atinosphorc.'^ It becomi's, 
therefore, an interesting subject of inquiry, how inmdi 
of the sunlight is thus absorbed — ^Iiow irmoli hrigliter 
the sun would shine if suddenly stripped of its gJiseouH 
envelopes ? 

Unfortunately, the question does not, in tho prosont 
state of science, admit of a certain and doiinito iinswur. 
By making certain assumptions ns to tho constitution 
of the luminous surfaeo and tho elmvactor of tho iitimw- 
pliere wo may, it is true, deduce mathematical foriiuilm 


* It hna gcnomlly been cnnRldorcd that tWs nbAOi'bltif^ Qn\’oIci|>u iiuiHl 
be gaseous, and It lias ummlly been Uloiitinod wl'.li the ao-oftlleil i ovoi hIiik 
layer. Professor Ilaatinga, of New Ilnvcn, has, liowovor, proiioaod a simii'. 
what diflcrent theory, vis,, that tho abaorptioii la jirodlieod by uititlor 
m a pnlvorulcnt condition, nt a lower tcmporntiirc tlmii the iiliolcmpliurlu 
clouds, and dlssomltintcd through tlio lower portions of tho Hiiti's nui.. 
atmosphere. Ho urges with force that tho absorption of gasoH, nl siteli n 
lomperaturo, must bo odeclm, producing bands and lines in tlio Hnenlntni 
while the absorption with which wo have to do in this enso is ymmil, 
simply weakening all tho rays pretty much alike, Ihougli of uonrso nIJ'enl. 

mg those of Bhort-wnvo length more than those of long, ns sly 

pointed on by tang ey. The subetaneo oonoornod, ho says, nmsi |,o 
which condenses and pTcoipitatos at n tomporatnio higher limn tlint i>t 
he photosphoryo that its would not bo prosonl to n.^npl;;! 

not be found in the golar apeotrum. He timt iJio aubKiniii.n In 

very probably carbon, tho lines of wldoh, atll.c time ho wioto t , ” 
diffllu T ‘''“"eh diBoovorcd by Loohyor and Howiiin’il. It is 

difflcult at present to dotorraino Its real .Idontity. 
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(of a ratlior complicated cliaraeter) wliieli will represent 
the observed facts 07i i/wse assii7}ij)tio?is. 

Laplace, for instance, sissiinicd tlmt each point upon 
the luminous surface of tlio sun mdiatod equally in all 
dircctioiiSj and tliat its atniosplicro waa homogeneous 
throughout — ^Iniowing, of course, that it could not be 
homogeneous, but not knowing what laws of density 
and temperature would apply in tl;o case, and therefore 
not being able to supply a nioro correct hypothesis. 
On these assumptions, and taking as a basis of calcula- 
tion tlic observations of Bougucr, wliicli in the main 
agree with the luoro modern ones, lie found that the 
solar atmospliore must absorb about eleven twelfths of 
the whole light; in other words, that the sun, without 
its atmosphere, would bo about twelve times as bright 
as we see it now. Secclii has also adopted his conohv 
siom 

His first assumption, hoAvover, is 2 >robahly very far 
from true. So far as wo know, no luminous surface 
behaves as he supposes, but generally tho radiations at 
an oblique nnglo aro vastly less powerful than those 
porpoudicular to the surface. According to Lajdace’s 
assumption, tho sun, witlioiifc its atmosphere, would be 
much brighter at the edge than at the centor. Now, an 
incandesccntsplioro of motal, or an illuminated globe of 
white glass (like tho sliado of a student-lamp), aj^peam 
sensibly of equal brightness all over, tho foreshortening 
of oaoh square inch of surface inclined to the line of 
sight just componsating for its diminished radiation. 
Assuming this law of radiation for tho solar surface, 
and still keeping the hypothoBis of a liomogoneoiis at- 
mosphere, Professor Pickoring shows that tho observed 
darkening from fclio center to the edge of tho sun’s disk, 
indicated by his measures, would bo accounted for pretty 
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accurately by BU2)posing this atniosiilioro to have ft lioight 
ajjproxiinately equal to the sun’s radius, and of; Hindi 
absorbent i)owor as to reduce the light l)y about sovonty- 
four per cent, at the center of the disk, leaving t^vonty- 
six iier cent, to 2Jass. From this it is 2’08siblo to slnnv 
that the whole light, if there were no solar fttnioH2ihoi’0, 
would be about four and two thirds times as groat na 
now — always, bo it remembered, accepting Iho asHuni 2 >- 
tions. 

Vogel, assuming the same fundamonlal law of riulhi- 
tion, finds from his observations that the removal of tliu 
solar atnios2)hore would increase the brightness of its 
red rays about 1-49 times, and of the violet fi'Ol. 'I’ho 


difference between this result and that, of Pickering is 
larger than would bo ex 2 iected from the gonoral noai' 
accordance of the observations, but is probably 2n'im!i~ 
pally due to the fact that Vogol onqjloys a forniulft of 
Laplace’s wliicli implicitly assumes the solar atinoB2ihoro 
to be very thin as compared with the sijjo of Iho sun 
itself, while Pickering’s method of calculation ftcco 2 >ls 
no such limitation. Tlicre is an inqrortnnt diiVoroncio 
also between the observations of the two investigators 
near the edge of the disk : Vogel’s obsorvations shou' a 
much more rapid degi-adation of the light just llicro, 
and so indicate an atmoa2>hero much denser, but of loss 
elevation than Pickering’s, 

It is evident, however, that for the present avo imiHt 
content onmelvos with the rather vague statomont tlml 
the removal of the sun’s atmo82Jhero would mnltiidy its 
brightness several times. It is almost certain tlmt tho 
amount of light received by the earth would bo doubled ; 
It 18 hardly likely that it would bo qniiitnplod, More- 
over, Its color would be materially cliangod, and its tint, 
as pointed out by Langley, would be more Uua than 
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now, Tlie solar atmosphere reddens the trui ■ 

mitted fchroiigli it, in just the same way tliat our tiTr»» 
trial atmosphere does at siinsot, but to a less degn*i*. 
Thus far we have confined oiirsolvcs to those nniii- 
tions which affieet tlie sense of vision. But then* 
do more: if received upon a dark surface they an\ .t-' 
we say, ‘‘absorbed,” and the absorbing body bce«*iiir^ 
warmer. Nothing in science is now much more iwUnt. 
than that these luminoiiB radiations consist of "f 

inconceivable (but measurable) frequency, wdiirfi ar* 
communicated tliroiigh intervening space ; wlih h 

are capable not merely of affecting the visual iiervr;^ 
sentient beings, but of producing also many other 
physical, thermal, or chemical, according to tlie siirfo-tj 
which receives them. The human eye, however, is vx*ry 
circumscribed in its range of perception, taking cngnb 
mnee only of such vibrations as do not exceed or fall 
short of certain limits of frequency — the slowest ostulU 
tioiiB It recognizes being those of the extreme red, whhdt 
number about three hundred and ninety miUion^« 
millions of vibrations in a second ; while the most rapid, 
those of the extreme violet, are nearly twice as frequent, 
making seven hundred and seventy millions of milH^m* 
in tlio same time. The rays omitted by the sim are not, 
however, so limited ; but the visual vibrations are aoeoni 
panied by others both many times more slow and num 
rapid. There has been a prevailing idea for many yesir^ 
founded upon Brewster’s fallacious experiments, tfm 
thermal, luminous, and chemical rays arefuudaineiually 
different, tliough coexistent in the sun^s beams. Thi« 
is GiToneous, It is true, indeed, that rays whose vibnt- 
tions are too slow to be seen produce powerful lieatirv^ 
effects, and tliat those which are invisible because they 
are too rapid have a strong influence in determining 
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certain chemical and pliysical reactions ; but it is also 
true that the visible rays are capable of pvoducing the 
same effects to a greater or less degree, and there is 
some reason for thinking that certain animals can see 
by rays to wliich the luiinan retina is insensible. Tlioro 
is absolutely no philosophical basis for distiiietion be- 
tween tlie visible and invisible radiations of the sun, 
except in the one point of vibration-frequency — their 
pitchy to nso the analogy of Bound. The ox^n'cssions 
thermal, hnninons, and chemical rays are apt to be mis- 
leading. All the waves of solar radiation are carriers of 
energy, and when intercepted do work, producing heat, 
or vision, or chemical action, according to oirciimstancos, 

If the amount of solai* light is enormous, as com- 
pared with terrestrial standards, the same thing is still 
more true of the solar heat, which admits of somewhat 
more accurato measurement, since wo are no longer 
dependent on a unit so unsatisfactory as the candle- 
power,” and can substitute thermometers and balances 
for the human eye. 

It is possible to intercept a beam of siinshhiG of 
Imown dimensions, and make it give up its radiant 
energy to a weighed mass of water or other substance, 
to measure accurately the rise of temperature produced 
in a given time, and from these data to calculate the 
whole amount of lieat given off by the sun in a minute 
or a day. 

Pouillet and Sir John Herschel seem to have boon 
the fivst faivly to grasp the nature of the problem, and 
to investigate the subject in a rational manner. 

Hei*schcV8 experiments were made in 1838 at the 
Oape of Grood Hope, where he was then engaged in his 
astronomical work. Ho proceeded in this way: A 
small tin vessel, containing about half a pint of water. 
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oarofnlly woiglicd, was placed on a light wooden sup- 
port, touching it at only three points. This was put 
insido of a considerably larger cylinder, also of tinned 
iron, tins outer cylinder having a double cover with a 
liolo in it, the cover large enough to shade the sides of 
the vessel, and the hole a little loss than three inches in 
dinmetov. A dolioate thermometer was immersed in 
the water, with a sort of dasher of mica for the purpose 
of stirring it and keej)ing the temperature uniform 
throughout tlio mass. The apparatus was so placed and 
adjusted that the whole of the light and heat passing 
through the hole in the cover would fall upon the sur- 
face of the water, the san at that time (December Slst) 
being within 12*^ of the zenith at noon. 

This apparatiiB was placed in the sunshine and ah 
lowed to stand for ten minutes, shaded by an umbrella, 
and the slight rise in the temperature of the water was 
noted. Then the umbrella was removed and the solar 
rays were allowed to fall upon the water for the same 
length of time, and the much larger rise of temperature 
was noted. Finally, the apparatus was again shaded, 
and the change for ten minutes again observed. ^ The 
moan between the effects in the first and last ten-minute 
intervals could be taken as the measure of the influence 
. of other causes besides the sun, and deducting this from 
tho rise during the ten minutes’ insolation, we have the 
eifoct of tho simple sunshine. 

Horsdiehs figures for his first expeiimeut run as 

follows : 

lUso of tomperaturo in first ten 

« « » tjecond teuininutca (sun) S* 90 

n » third ten minntoa 

The wean of the first and third is 0-“17, and; this de- 
ducted from the second gives 3’“73 as the nw of tem* 
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peratiire prodnccfl by a Runbcam tluvo in(*lu‘K In diain* 
eter, absorbed by a mass of matfcor Uiini viiloiit In Jjd.lB 
grains of water (we do not mdleato iJm minutiae of llu^ 
process by wliicli the weight of the lin vijHHol, timr* 
mometer, stirrer, etc*, are allowed for). Nothing more 
is now necessary to enable us to compnto just how uiuvh 
heat is received by tlie eartli in a day or a year, exeo[>I‘, 
indeed, the determination of the very troubluHoiim uinl 
somewhat nneertain correction for tliu abHorptioii of 
lieat by tlie earth’s atmosplioro — a corruclion dcdinMal 
by means of observations made at varying lioightH of 
tlie sun above the liori/on. 


Herscliel preferred to express Ins rosnits in ton ns 
of molting ice, and put it in this way; the aniouiit of 
heat received on the earth’s surfaco, with the Him in 
the zenith, would melt an inch thickness of ic‘/0 iu two 
hours and thirteen minutes nearly* 

Since there is every reason to boliovo (hat tlio mm’s 
rachation is eijiial iji all directions, it follows that, if tlio 
sun were surrounded by a groat shell of ico, oiio inch 
tliick and a hundred and oighty-six inilliou miloH in 
diameter, its rays would just molt the whole in tho 
same time. If, now, we supimao this sholl to slirhik iu 
diameter, retaining, however, tlie samo quantity of wo 
by increasing its thickness, it would still bo inoltoil iu 
tlie same tune. Lot the shrinkage eontinuo until the 
inner surface touches tho photosphere, and, allowing 
for atmospheric absorption, the ico-onvolopo would 
become more than a mile thick, through whicli tho 

at the ate, according to Ilersehel’s dotoriniiiationa 
of than forty feet a minute. Horsohol contlnuS 

ritm f 46'8 miles iu 

diameter, and darted toward the sun witli tho velocity 
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of light, its atlvaiiciiig point 'would ho molted oil as fast 
as it approucliod, if by aiiy incftiiB the wliolo of tho solar 
rays could be eoneoiitmtcd on tlio head. Or, to put it 
dillerontly, if we could build up a solid coliima of icc 
from the cai'th .to the sun, nearly two miles and a half 
ill dhunctor, spaniiiiig tho iiieoncoivablo abyss of niiiet}^- 
tliree inillioa miles, and if then the sun bUouIcI eonooji- 
trato Ids power upon it, it ivould dissolvo iiiid melt, not 
in an hour, nor a minute, but in a single second : ono 
swing of the pondulum, and it would be watery sov^cn 
nioro, and it would 1 )g dissipated in vapor. 

In formulating this last statement wo have, liowever, 
employed, not ITorschoPs figures, but those resulting 
from later observations, wliich increase tlio solar radia- 
tion almost fifty per cent, making the tbicknesa of the 
ico*erusl; which the sun would melt oil of his own sur- 
face in a ininiito to bo nnicli nearer foet tlian forty. 

To put it a little more technically, expressing it in 
terms of tho nioderu scientific units, the suids radiation 
amounts to more tlian 1,200,000 mlorlvs jior minute for 
cacli square metro of his snrimje, tho oalov]/^'^ oi^ heat- 
unit, being the quantity of heat which wilT raise tho 
temperature of a kilogramme of water one degree con- 
tigraclo. 

All easy calculation shows that, to produce this 
amount of beat by combustion would require tho hourly 
burning of a layer of anthracite coal more than nineteen 
foot (five inetrcH) thick over the entire surface of tho 
sun — nine tentb« of a ton per hour on each square foot 
of surface — at least nine times as mncli as tho consunqi- 

* Tills is tlio oii"Ino(3i'8’ “calory.’’ For iiiuny BoleiiUSc pnrjiosos tlio 
n tlioiiRfiiid times less, Is more conven ion tly used —viz,, 
tlio amount ol heat whlolnvlll raiso tlio lomporaturo of of 

water ouo conligradc degree* 

20 
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If WO inquire wlmt bowomos of Unit principal portion 
of tlie solar licat which Inissos the phinots anil passes off 
into space^ no cortaiJi answer can bo given, licmoin- 
beringj liowover, tlmt space is full of isolated particles 
of matter (wliich we encounter 
from time to time as Bhooting- 
stars), wo can see that nearer or 
more remotely in its course each 
solar ray is sure to reach a rest- 
ing-place. It has been suggested 
that the sun sends heat only to- 
ward its planets j Unit the action 
of radiant lieat, like that of gravi- 
tation, is only hetwce?i masses. 

But scientiftc investigation so far 
fails to prove it. The energy 
radiated from a heated globe is 
found to ho alike in all dircc- 
tioiiSj and wholly ihdepondont of 
the bodies which receive it, nor 
is there the slightest reason to 
suppose the sun nny way differ- 
ent in this rospoot from every 
other incandescent muss. 

Pouillet^s experiments wore 
made about tlio same tiino as llorschoVs, but with a. dif- 
ferent apparatus, though based on tho saino principles. 
Ho named Ins instrument tho pyrholio meter, or mcas- 
uror of solar flro,’' T'ig. 95 ropresents it. Tho little 
snuff box-like vessel, a, of silver-plated copper, black- 

ened on tho upper surface, contains a woiglmd quantity 

ouflly, It Is qiilto llkoly tlmt euoli nfiaoliliioff wlU prove pmctically ueoliil 
in ooun trios wlioro siinshluo can bo (lopoiidcC ou nt certain aonsoiiSj ns in 
ligypl and Oaliforaia« 


l‘io. 05. 
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If wo inquire wimt boooinod of Unit principal portion 
of the solar lioat wliicirinissos the planets nncl passes off 
into spaeOj no certain answer can bo given, ileincni- 
beringj liowovcr, that sj)aco is full of isolated particles 
of matter (which wo oiicoimtcr 
from time to time as shooting- 
stars), we can see that nearer or 
more remotely in its ooureo each 
solar ray is sure to I'oaoh a rost- 
ing'placo. It has been siiggcstctl 
that the sun sends licat only to- 
ward its planets ; that tlio action 
of radiant heat, like that of gravi- 
tation, is only ietween masses. 

But sciontiflo investigation so far 
fails to prove it. TJio otiorgy 
radiated from a lioated gloho is 
found to 1)0 alike in all direc- 
tions, and wliolly ihdei)ondont of 
the bodies which receive it, nor 
is there tlie sliglitcsfc reason to 
suppose the sun any way differ- 
ent in this respect from every 
othei* incandoseent mass. 

PouilloUs oxporiinonta were 
made about the same time as IleraoheVs, but with dif- 
ferent apparatus, though based on the same principlos. 
He named liis instnimont the pyrheliometcr, or meas- 
urer of solar Fig. 95 roprosonts it. Tho little 

snuffbox-liko vessel, 5 , of silver-plated coj^por, black- 
ened on the upper surface, contains a weighed quantity 

ouflly. It ia qtiito llkoly tlmt suoli maoldnos will provo practlcnlly usoliil 
in oouu trios vvliorft suiishiuo cmi bo dopondod on nt cortalii seasons, ns in 
lilgvpl aud Oatiforiiia. 




292 


TIIK SUN. 


of water, aiul a. tlmrnioinetcr is jnnnorfiGcl in it, the mcN 
cury in its stem being visible at d. The disk, makes 
It easy to point tlio instrument squarely to tlio sun, by 
directing it so that the shadow of a falls concentrically 
upon this disk. The button at the lower end is for the 
purpose of agitating the water in the vessel a, a, by sim- 
ply turning the whole thing on its axis, in the collar c, u. 
The instrument is much more convenient than ItorschoPs 
apparatus, but hardly as accurate, except under very care- 
ful manipulation aiul protection from ourronts of air. 



Orova has modiried it by filling the upper vossol 
with mercury. For rolatiYo measuvoments, as, foi\ iur 
stance, a comparison ot the amounts of heat received 
from the snn at different lionrs, Orova om])loy8 a slight 
ly different instrninenl, represented in Fig. 90. 

Anoxcecclingly sensitive alcoliol tborinoinetor, shown 
separately at T, with a largo bulb carefully blackened, 
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fs inclosed in a double-walled sj)hcro, /?, uiclvol-plafced 
on the outside. An o])oning in tho walls of the sphere, 
carefully aligned with a similar opening in a double 
screen, A’ allows a hcMim of light to fall upon tho thcr- 
inomctcr-hulb, the beam being about two thirds the 
diameter of the bulb. The thermomclor is constructed 
witli a supplomentary reservoir, r, at the lower end, hy 
means of which tho end of tho indicating colnmn can 
bo made to fall near4ho middle of the scale at iiny tem- 
perature, the object being to measure only ehangca of 
temperaturo, not absolute tonfiporaturos. The bulb and 
tube are so proportioned that a degree on tho scale is 
nearly half an inch long, thus permitting groat accuracy 
of reading. In order, however, to determine just how 
much heat is required to raise tho thermometer of this 
instrument 1°, it is necessary to com 2 )aro it witli one of 
the standard instruments, by exposing it to tho sun at 
tho same iinio. 

Tills method^ of ju’occdnro, by which wo detormine 
tho rate at which a Rinibeain of given dinionsions com- 
municates heat to a meastirod mass of matter, is Iviiown 
as tlio (hjnmnio method. It is Boincwhat incouvoniont 
in requiring coiiRidorablc time and a number of readings. 

Thoro is a diltorout process for deducing the same 
results, which lias been employed by Watorston, I5ric8- 
son, Socchi, Violle, and others, and may bo called tho 
statipal mothocb It consists essentially in observing 
how much tho sun will raise tho tomperaturo of a body 
exposed to its rays above that of tho iucloanro in which 
it 18 placed, this inclosnre being hopt at a fixed and 
known tomperaturo by tho circulation of water, or some 
such means. Instrnmonta based on tins princijfio are 
called aotmo7nei€7's. Of those, probably tho most com- 
ploto in its aiTangcmonts is that of Viollo, dcscribod in 
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]its paper upon the moan temperature of tho sun’s sur- 
face, publistiecl ill the “ Annalos do Oliimioj” in 187Y. 
Wo give a diagram of tho instrument. It consistB of 
two concentric splicrcs of thin metal, the outer twenty*- 
three centimotres in diameter, tho inner tiftecn centi- 
metres, The outer is polished on the outside; the 


Fio, OT. 



inner is hlachened on tho inside. Tho space botwoon 
the two spheres is iillod with water, whieli is kept at a 
uniforin temperature either by mixing snow or ice vdth 
it, or else by a current circulated through it by means 
of tlio stopcocl<s jf, t, A sensitive thormomotor, lias 
its blaotenod bulb placed in the center of the inno*' 


t 


TIIR SUN’S LIGHT AND HEAT. 293 

Bpliero, tlio stem reaching outsido through a tnbnli^ro 
provided for the purpose. Two opposite openings, 
shown ill the figure, allow a beam of sunlight to jiass 
through the globes. A perforated scrooii at 1) limits 
its diameter, so that none of it shall touch the walls 
of the vessel, though the thonnomotor-bulb is entirely 
covered by it. A small screen at M allows the observer 
to see the shadow of the therinomctor-biilb, and so to 
perceive whether the tube through which the light 
enters is properly directed. If the apparatus is mount- 
ed upon what is called an equatorial stand, like a tele- 
scope, and provided, with clock-work, the wliole labor 
of observation will consist merely in reading the ther- 
mometer. The difflcronco between its temperature and 
that of the water in the surrounding shell gives the 
necessary data for calculating iho intonsily of the solar 
radiation at the time of reading, since the heat reccivocl 
by the therm ometor from the sun and shell together 
must just equal that radiated back by the thormomoter- 
bnlb to the bIioII, after allowing for the orifices. 

Viollo found that at noon on a fair day the tlior- 
momotcr of this apjiaratns generally stood, when ox- 
posed to the sun, from lO’D^ to 12*6^ centigrade (i, o., 
18*0® to 22*5® Fahr.) above the tomporaturo of the sliell 
when the latter was filled witli ice-watcr. If it was 
filled with boiling water, as in some of his oxporimonts, 
the differciiGO became loss by about 1° centigrade. 

Tiio rosuUs obtained with instruments of this class, 
of course, agree very closely with those readied by the 
dynamic method. 

Instead of stating how mmjh ice would bo melted 
in a minute by a given sunbeam, wo may give the num- 
ber of calories recoivccl in one minute by a square metro 
of surface exposed perpend icnlarly bo the sun’s rays at 
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tho upper surfeco of the atuioHplicvo. I'hin iiiiniliei*, 
whicli may be taken as the ineasiiro of Lhi^ HunV rudiu* 
tion, is called .so/ar and, a(!(H>nlinp: (,ii 

dillevoiit cxponnicntcrs, ranges from PouillotV eHiinuilo, 
17'6, to that of Langley, wliieli is tlO'Hj thc^ and 

most reliable. Forbes found 2S’2, aiul (h'ova and Vinllo, 
at a later date^ 23*2 and 25^4- reBp<3ctivoly. In tlu^ pro- 
ceding editions of tliis book it ’wns taken at 2R, but 
tliere is now no question tluit Langley ’k result slioidd la^ 
substituted, since lie has discovoretl an iinjM)rtuni 
in the work of his predecessors, and by Ins luboriinm 
coarse of “boloinotric’^ observations (to be dismisHtul a 
little later) has supplied the data for the necessary cor- 
rection. 

Instead of stating tho solar constant as ihirty 
necfing calorics per B(iuaro metre per mlniilu, koiihj 
prefer to state it as three small eulorlos per scpiuve evn* 
twieire per minute, which comes to tho same tiling: 
tho unit of heat is a thousand tinios smaller, and tliu 
unit of surface ton thousand tiinoKloss than in lln^ first 
statement Professor Langley himself jirofers this lat- 
ter form. Those who insist on expressing nil seieiililld 
measures in tho so-eallod ^‘0, G. S. system,'' givii llie 
solar constant as 0*05 small calories per square eonl!- 
metre per second^ which, of course, is oquivaUmt to 
cither of the other forms. 

It is not yet by any moans certain that this 
constant'' is really constant; indood, it is quite corlain 
that it is not strictly so — that tho amount of licafc racli 
ated by the sun must vary more or loss witli tho changoe 
which wo know to occur upon its surface; at tho same 
time there is no reason to suppose that tho variations arc 
very great, It ie, however, ono of the most important 
and cliffieult problems of solar physios now i^onding to 
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cIotoriTiinG tlio fictutil fttnouiit of tlicso vfirifttionSj und to 
ascertain tlio laws that govern them, 

By far tlio most diflicult part of the experimental 
problem of the solar constant lies in the determination 
ot the large and troublesome corrections to be applied 
on account of the absorption of the earth’s atinosphej'e. 
It would take us too far to discuss the fonnnlre and inetli- 
ods of calculation which have been pi*oposed. They are 
necessarily very complicated (those, at any rate, wliieh 
are tolerably accurate in tlicir results), because they have 
to take into account the meteorological conditions, espe- 
cially the hygronietric state of the air. Besides this, 
the absorption varies greatly for radiations of different 
pitch, so that the violet rays, which are photographically 
the most active, suffer more than the green and yellow, 
which arc most effective in the growth of plants ; and 
these more than the red; and the red, in their turn, 
much more than the low-pitched, slowly vibrating waves 
which, though invisible, arc still powerful carriers of 
on orgy « 

Bpoalcing loosely, it may bo estimated that, at the 
8oa-levol, in fair weather, noithor excessively moist nor 
dry, about tliirty per cent, of the solar radiation is 
absorbed when the sun is at the zenith, and at least 
sevonty-flvo per cent at tho liorizon. Of the rays 
striking tlio upper surface of the atmosphere, between 
forty-five and fifty per cent., therefore, arc generally 
intercepted in tho air, oven when there are no clouds. 

Of course, it does not follow that the heat absorbed 
in our atniosphoro is lost to tho earth. Par from it: 
the air itself bccomoB warmed and. communicates its 
lieat to tho oartli ; and, since the atmosphere intercepts 
a largo proporiion of tho heat which tho earth would 
radiate into space if not thus blanketed, tho temperature 
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of the eartli is kept mucli higher than it would he if 
there were no air. 

The earlier investigators sought to dotoriiuno the 
amount of the necessary correction for this atmosidiorie 
absorption “ in the gross,” so to speul^i That Is, they 
ascertained by their oxjjoriinents tlio whole amount of 
heat received from the siiii at difl'oront apparent eleva- 
tions, when its rays had to penetrate dill’erent tlii(!l{- 
nesses of air; and from these results they attempted to 
deduce the amount of heat that would have been re- 
ceived if no air had intervened. In making the ealeu- 
lation theyempleyod a well-known formula whieli givcw 
with practical correctness, for a homogeneous ray (all of 
one wave-lengtli) of light or heat, the amount trans- 
mitted through any given thickness of an absorbing 
medium when wo have once for all dotorminod the per- 
centage transmitted through a stratum of tlm nioilium 
one unit thick. Tliis percentage is called “ tho coolll- 
cient of transmission,” and can bo found by lueaHuring 
tho amount of this homogoneons light or lioat traim- 
mitted through any two strata that diJIor considerably 
in thickness. 

Now the experimontors know perfectly well that 
the radiant heat they wore dealing with was not homo- 
geneous, but composed of rays of widely diiloront wave- 
length : they supposed, howcvoi*, that by treating j;lio 
matter as they did they would got a sort of average 
coefhoient of transmission which would ho nrnotically 
correct. 

In this they wore greatly mistaken. Professor Laug- 
ey was the first to point out tiio error, to sliow that its 
correction would largely inorcaso tho estimate of tho 
soiar constant, and to invent tho apparatus and make 
e observations necessary to bring out tho truth, Bio 
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saw that it was indisponsahle to deterniinc the atmos- 
plicrio cooflicicnt of transmission separately for each of 
a multitude of rays of different wave-length distributed 
all along the spectrum — the invisible portions as well as 
tlic visible — and to detcrniino also for each ray its pro- 
portion contributed to the total amount of sunlight 
energy. For this purpose ho was obliged to devise a 
hcat-inoasurer far more delicate than any before in use, 
and with it to explore the spectrum from end to end, 
both from stations near the level of the sea and from 
the top of a lofty mountain (Mount Whitney, 15,000 
feet liigh). 

The new heat-measurer, which ho called the bolom- 
eter,^^ depends upon the principle, long known and 
previously applied by Jamin and others, that the elec- 
trical resistance of a metal is increased by warming it. 
The sensitive “ nerve, if we may call it so, is a little 
strip of iron or palladium about a third of an inch long, 
hy wide, and nriw thick. This is balanced against 
a similar strip placed near tlio first, but ecroonod from 
the heat rays to be measured. 

The two strips form the so-called arms of an elec- 
tric balance, and arc connected with a delicate gal- 
vanomotor, the index of which (a spot of light) moves 
whonevor there is any difforonco of tompci-aturd be- 
tween thorn. Tho instrument with which Langley lias 
lately been making his wonderful map of tho invisible 
regions of tho spectrum, indicates distinctly one mil- 
lionth of a contigrado degree. 

Tho strips are mounted in a little tubo of hard rub- 
ber, 80 as to be carefully protected from all outsido 
inlluonoos, except that a narrow slit in front of tho 
“ nerve ” loaves it free to receive tho rays to bo ob- 
Borved, 
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The bolometer is used in connection with h larp;G. 
spectroscope, taking the place of the oyopiocc : in tins 
spectro-boloineter,” as Langley calls the combination, 
the prism, if one is used, must ho of rock-salt, tlie only, 
substance, so far as known, wlncli freely tninHinits tins 
invisible rays of the heat spectj’iini. The Icnsee of tho 
spectroscope are also of the saino material. 

For some purposes a grating can bo used, but usually 
its si^ectrura is too feeble, 

Tlie liglit is brought to the collimator slit by a mir 
ror, and as the grating or prism is turned the S23GCtram 


ria. 08 , 



Lakolbt’s 8pbotro-Box.om«tbii, ab ubkd fo« Mappino '111B Hnkkcjy of tiik 

PitlSNATiO SpKOTUUXI, 

traverses the bolometer slit, and the galvanomotoi* index 
by its motion indicates the dark lines and bright inter- 
spaces as they pass it in procession. 
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' Fig. 98 reprosciitB one form of the inBirnment. The 
rays ‘arrive tlirongli the lens L, pass through the prism 
Pj and are tlien reflected back from the mirror M to 
the bolometer at B, from which the wires go to the 
galvanometer and to the battery which furnishes the 
current. 

Until cpiite recently the galvanometer readings had 
to be made by the eye and the records by hand, an ex- 
ceedingly tedious business, but very lately tlie apparatus 
has boon made automatic. The galvanometer index (a 
spot of light) Calls upon a sensitivo plate which is car- 
ried along in precise correspondence wdth the motion of 
the grating or pristn. The result is an irregular curve 
on the developed plate, in which dark lines of the spec- 
trnm are represented by notches, 

, In this way work that would have taken months by 
the old methods can be done in a single afternoon, By 
a simple process, also automatic, the envvo can bo trans- 
formed into a picture of the spectrum showing its dark 
lines and other characteristics just as docs a ])hotograplL 
In 189*1 Langley published the map of the invisible 
spectrum, which wc give as Fig. 99. The reader will 
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notice how very short is the visible portion of the spee- 
trvim, as compared with the oxtonsivc range of rays of 
longer wavo-longth, Tho amount of energy, however, 
contained in tho portion of the spcctrnm below (to tho 
right of) tho point mnrkod 3 is extremely small, thongli 
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still sensible to a point far boyoiul tlio liiviit of the fig- 
lire. To a certain extent some of tlie salient ]>oeiiliari- 
ties of the upper part of this invisible spoetrum, as far 
as X oil the map, liad been brought to light by earlier 
investigators, especially Bccfjuorel, Lamanslcy, and Ab- 
ney, the last of whom even succoecled in photographing 
a part of it. But lAiigley was the first to give us any- 
thing that could bo called a map j and in some portions 
his large-scale map, which we can not well rojirochtco 
iiere, is already fairly comparable in detail and accuracy 
with Kircldiofl’s map of the visible spectrum. 

Experiments with the thermopile show that the heat 
radiated by the solar disk varies, like tlio ligiit, very 
considerably from the center to the edges. The first 
obsei'vations of this kind were made by Professor Henry 
at Princeton in ISdtS, and have since been repeated by 
many others, Secclii and Langley especially. Accord- 
ing to Langley, the heat emitted from a point about 20'*' 
from the limb is only one hall that from the same oxtont 
of surface at the center of the disk. 
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More recently Frost at Potsdam and AVilson at 
Daramona have reinvestigated the subject a little more 
fully, and in the preceding table we give their results 
as well as Langley’s, 

If we coinparo this table with that given on page 
281, which gives the variation of luminosity from cen- 
ter to edge of the solar disk, it is at once evident, as 
Langley was the first to point out, in 1876, that the 
absorption is, to a certain extent, selective, the short 
waves of the solar radiation being more affected than 
the long. Besides this regular variation of the radiation 
from center to edge, Sccchi, in 1852, found, or tli ought 
ho found, a notable difference between the radiation 
from the ecpiator of the sun and that from the higher 
latitudes, the difference being at least one sixteenth 
between the equator and latitude 30°. The northern 
liomisjihero ho also found to bo a little hotter than the 
HouUiorn, Later investigators (Langley especially) have 
failed to find any such difference; and on the whole it 
seems probable tliat Socchi was mistaken, though this 
is not certain, as it would bo quite unsafe to assert that 
the actual condition of the sun’s surface may not have 
changed between 1852 and 1876, 

In connection with the absorption of the solar at- 
inosplioro, Langloy has ventured some interesting Bpecii- 
lations. After showing that variations in the number 
and inagnitudo of siin-spots can not direGily produce 
any sonsiblo effect upon terrestrial temperatures, ho 
culls attention to the fact that even slight changes in 
the depth and density of tho sun’s absorbing layer would 
make a groat difference; and he raises tho question 
whether wo may not find liero the explanation of glacial 
and carhoniforous periods in the earth’s history. It is 
quite certain that, wore the envelope removed, the eolar 
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radiation would ha about doubled, and perliaps ineroased 
in a much higher I’atio, while any considerable increaso 
of its thickness would so diminish our hoabsupply as 
to give ns perpetual winter. 

As yet our means of observation have not suflicod 
to detect with certainty any variations in tlio amount of 
heat emitted by the sun at different times. That tlioro 
are such variations is almost certain, since tlio nuclei oi 
sun-spots radiate much less heat, as well as lights than 
neighboring regions of the solar surface, and the faculoe 
more : this has been directly detormined with the tlior- 
mopile. 

Some very ingenious instruments luivo of late years 
been devised and constructed by tho younger Angstrom 
for the purpose of recording automatically tho inten- 
sity of solar radiation daring an entire day, and sum- 
ming up the total amount— a process which, if carried 
out every clear day for several years at some suitablo 
station, ought, after a thorough discussion, to furnish 
interesting data as to the thermal activity of tho sun. 
TJie difficulties, however, depending on tho continual 
variations in the meteorological conditions are onor- 
moiis ; the truly solar variations seem to bo utterly 
masked and overpowered by those that originate in our 
own atmosphere. 

As was said in the chapter upon tho sun-spots, wo 
are as yet entirely uncertain wlietlier, at tho time of a 
sun-spot maximum, the solar radiation is more or losa 
powerful than the average. 

There has been a great deal of pretty vigorous clis- 
ouroion as to the temperature of tho sun, and that tho 
subject is a difficult one is evident enough from tho 
wide discrepancy between tho estimates of tho highosi 
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authorities. For instance, 8ecchi originally contended 
for a temperature of about 18,000,000® Falm (though 
lie afterward lowered his estimate to about 250,000®) ; 
Ericsson i)uts the Iiguro at 1,000,000® or 5,000,000® ; 
Zollner, Spueror, and Lane name temperatures ranging 
from 50,000® to 100,000® Fahr., while Pouillet, Vicairc, 
and Devillo have put it as low as between 3,000® and 
10,000® Fahr, 

The diflieulty is twofold. In the first place, the sun 
can not properly bo said to have a temperature any 
more than the earth’s atmosphere can. The tempera- 
ture of dilleront portions of the solar envelope must 
vary enormously, increasing fast as wo descend below 
or aBcend above the surface. , There may be a differ- 
ence of thousands of degrees between the temperatures 
of the chromosphere and of the photosphere ; and still 
other thousands between tlmt of the jDhotosphere and 
the dG])th8 beneath, 

Wo may, liowevcr, partially evade this difficulty by 
substi tilling as the object of inquiry the sun’s elective 
temperature — i, o,, instead of seeking to ascertain the 
fvctuul temperatnre of different parts of the sun’s sur- 
face, wo may impiiro what temperature would have to 
bo given to a uniform surface of standard radiating 
power (a surface covered with lampblack is generally 
takon as this s(:aiulard), and of the same size as the sun, 
in oi‘dGi‘ that it might omit as much heat as the siiii 
actually does. In this way we obtain a perfectly defi- 
nite objc(d of investigation* But the problem still re- 
mains very difficult, and has obtained as yet no entirely 
satisfactory solution. The difficulty lies in our ignor- 
ance as to tlio laws which connect the temperature of a 
surface with the amount of lioat radiated per second. 
So long as the toinporaturo of the radiating body does 
21 
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not greatly exceed that of surromuHiig space, Ihu liont 
omitted is very nearly ])roporlioiial to the oxc.oss of 
tomporature. The oxtremoly high values of tlii> solar 
temperature assorted by Scechi and ICriessou {Uipoiul 
upon tho assumption of this law (known as .Nowtoti’s) 
of proportionality between tho heat luidiated mid (lai 
tomporature of tho radiating inass—a law wliieh diroet 
experiment proves to bo untrue as soon as the tonipora- 
turo rises a little. In reality, tho amount of boat radiy 
atod increases much faster than tho toinpoi’aturo. 

More than, fifty years ago tho .Ifrouch physielsts, 
Dulong and Petit, liy a series of elaborate oxporiinetilri, 
deduced an empirical formula, which answered jiretly 
satisfactorily for temperatures up to a dull- red heat. 
By applying this formula, Pouillot, Vioairo, and ollmra 
arrived at the low solar tomporaturos assigned by Uumi. 
It is, however, evidently unsafe to ajiply a purely em- 
pirical formula to circumstances so far outside tlio range 
of tho observations upon which it was founded, nnd, in 
fact, within a few years several oxporimontors, liosolLi 
ospocially, have sliown that it needs modification, ovtm 
in the investigation of artificial tomporaturos like that 
of the olootrio are. Kosotti, from his observations, liUM 
deduced a different law of radiation, and by its nppli- 
cation finds 10,000® Cent., or 18,000® Falir., as the 
ime ttm^m'aim'6 of tlio sun— -a rosnlt which, all tliingis 
considered, seems to tho wi'itcr moi;o reasonable and bol- 
ter founded than any of tho earlier estimates. lioHolli 
considers that this is also pretty nearly tho actual toin- 
porature of the upper layers of tho pliotosphoro. '.L’ho 
radiating power of tho photospherio clouds, to bo siiro, 
can hardly bo as great as that of lampblack ; but, on tho 
• other hand, tlieiv radiation is siipplomontod by that of 
other layers, both above and below. 
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Still more recently (in 1892) Lo Oliatelicr has de- 
duced an effective temperature of 7,000^ Cent, (or about 
13j700 Fahr,) by a study of the intensity of certain red 
rays of the sun compared witli the intensity of the same 
rays in the radiations of certain bodies heated to lumi- 
nosity. 

Still later Wilson and Gray, by a very elaborate in- 
vestigation, which, on the whole, seems entitled to take 
the preeedenco over all competitors so far, have obtained 
as a result 8,000® * Cent., or 14,100® Fahr. Their appa- 
ratus and methods were dillorent from any previously 
employed : as a measurer of the radiation they used the 
radio-micrometer ” of Boys, which combines thermo- 
pile and galvanometer in one, and ]>osBibly surpasses in 
sensitiveness oven the ^‘bolometer” of Langley, For 
the determination of temperatures, by which to inter- 
pret the radiation measures, they used a modified form 
of Joly^B moldomoter, in which a strip of platinum is 
raised to any desired tomporaturo short of molting by 
a current from a storage battery or dynamo. The ap- 
paratus utilizes the inventions and resources of the new- 
est scientific art, and would have been impossible a 
dozen years ago. 

It is worth noting tliat their observations disprove 
Dulong and Potit’s law of radiation, and seem to con- 
firm the much simpler one proposed by Stephan of 
Vienna, and theoretically dedneod by Boltzmann as a 
consoquence of the olectro-magnotic theory of liglit. 
The formula is simply this, P a x T* l in which Ti is 
tho intensity of the radiation in mhiis of energy^ ^ is a 
constant coofilciontjdopoiiding on tho nature of tlio body 

* TIio lilghoBt ftrtiftolal tompomtiu'ofl aro fiuppoBod to fall aliorl of 
2,500® Oont. PosHlbly tbia flguro may now bo oxcoeded in aomo of tho 
olcolrio furnacos. 
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and units of energy and toiuperatiiro employed, wliilo 
T is the temperature of the body above the absolute 
zero, and is equal to tlic ceutigrudo temporaturo with 
273° added. 

If the effective temperature of the sun wore doubled 
we should receive sixteen times as iniicli bout, and ton 
thousand times as much if its temporaturo wore in* 
creased only ten times. 

Scheiner, of Potsdam, has shown 8poctroacopi(^ally 
that the temperature of tlio sim^s reversing layer is al- 
most certainly intermediate botweon that of the eloetric^ 
arc and the much higher temperature of the J'uoyden-jar 
spark. In the spectrum of magnesium there are two 
lines at X 4,482 and X 4,352 which are strikingly con- 
trasted in behavior. The former is strong in the spark- 
spectrum but Imrdly visible in that of the arc, while with 
4,352 the reverse is true ; and Schoinor shows that tlio 
difference depends upon temperaUiro. Now in the solar^ 
spectrum 4,352 is a conspicuous dark lino, and the other 
is missing; whence the inference that tlio magnoBinin 
vapor in the reversing layer is about as liot as the elccti'io 
arc, and the photosphere below, of oourso, still hotter. 

Besides the data as to tho intensity of the soliu' 
temperature obtained by tho methods above mentioned, 
we have also direct evidence of a very impressive sort, 
When heat is concentrated by a burning-glass, tho tem- 
perature at tho focus can not rise above that of llio 
source of lieat, the oflect of the lens being sinijily to 
move the object at the focus virtually toward tho sun j 
so that, if we neglect the loss of lioat by transmission 
through the glass, the temperature at tho focus should 
be the same as thflt of a point placed at such a distance 
from the sun that the solar disk would soom just as 
large as the lens itself viewed from its own focus. 
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The moat powerful lens yot coDstrnGtcd thus virtu- 
ally transports an object at its focus to witliiii about 
two hundred and fifty thousand miles of the sun’s sur- 
face) and in this focus the most refractory substances — 
platinum, iire-clay, the diamond itself — are either in- 
stantly melted or di8si23ated in vapor. There can be no 
doubt that, if the sun wore to come as near us as the 
moon, the solid earth would melt Jibe wax. 

Wo have spolccn, a few pages back, of Professor 
Langley’s experimental comparison between the brill- 
iance of the solar surface and that of the metal in a 
Pessemer convertor. At the same time ho made ineas- 
uroments of tho heat by means of a thermopile, and 
found the lieat radiation of the solar surface to be more 
iJmi oighty-SGven times as intense as that from the siir- 
faco of tho molten metal. It will be recalled that the 
experiment only sets a lower limit to the solar radiation, 
so that it 18 altogether probable that, were all the neces- 
sary eorrcctions determined and applied, the ratio would 
bo incroased from cighty-soven to at least a luindrocl, 
and perhaps to a hundred and fifty, Ericsson, in 1872, 
made a somewhat similar comparison in a different and 
oxcGcdingly ingenious manner. He floated a calori me- 
ter containing about ten pounds of water upon the sur- 
face of a large mass of molten iron, by means of a raft 
of fire-brick. Tho calorimeter was raised a little above 
tho surface, and tho water contained was kept in circi> 
laiion by suitable mechanism. IIo found that the radia- 
tion of tho metal was a trifle over two hundred and fifty 
calories por minute for each square foot of surface. 
This is oqui valent to twenty-seven hundred and ninety 
(calorics to the square metre, and is only sun’s 

emission. Ho estimated the temperature of the metal 
at 8,000"* Pahr., or 1,638"’ Cent. Professor Langley, in 
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luB experiment, estimated the tompcraturo of the Bos* 
seiner metal much higher — ^superior, in fact, to the tem- 
perature of melting jilatinum, wliich is usually consid- 
ered to be about 2,000"" Gont Ho bases this conclusion 
upon the fact that platinum wire, stretched abovo the 
month of the converter, or dipped into the issuing 
stream, was immediately melted. Since, howovor, iron 
and its vapor attack platinum much in the same way as 
mercury and its vapor attack gold, there may bo some 
doubt as to the correctness of his estimate. The same 
conclusions as to the intensity of the solar temperature 
follow from investigations by Soret and others as to 
the penetrating power of the 8un"s rays, and from a 
comparison with artificial sources of heat in respect to 
the relative proportion of the rays of different wave- 
lengths in the total radiation. A body of low tempera- 
ture emits an enormous proportion of slow-swinging, 
invisible vibrations, while, as the temperature rises, the 
shorter waves become proportionally more and more 
abundant. i Thus, in the composition of a body^s radia- 
tion, we get some clew to its temporaturo. Hitherto 
all such tests concur in putting the sun’s temperature 
high above that of any known terrestrial flame. 

And now we come to questions like these : How is 
such a heat maintained? How long has it lasted al- 
ready ? How long will it continue ? Are there any 
signs of either increase or diminution ? — questions to 
which, in the present state of scienco, only somewhati 
vague and unsatisfactory replies are possible. 

As to progressive changes in the amount of the solar 
heat it can be said, however, that there is no evldonco 
of anything of the sort since the beginning of authentic 
records. There have been no such changes In the dis' 
tribution of plants and animals within the last two thou' 
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sand years, as must have occurred if there had been, 
within this period, any appreciable alteration in tiio 
heat received from the sun. So far as can he made 
out, with few and slight oxeeptions, the vine and olive 
grow just whore they did in classic days, and the same 
is true of the cereals and the forest-trees. In the re- 
moter past thoro have been undoubtedly groat changes 
in the earth’s tempomture, evidenced by geological 
records — carhonifei’ous epochs, when the temperature 
was tropical in almost arctic latitudes, and glacial pe- 
riods, when our now temperate zones wore incased in 
sheets of solid ice, as northern Greenland is at present. 
Even as to those changes, however, it is not yet certain 
whether they are to bo traced to variations in the amount 
of heat omitted by the sun, or to changes in the earth 
herself, or in her orbit. So far as observation goes, wa 
can only say that the outpouring of tho solar heat, amaz- 
ing as it is, appears to have gone on unchanged through 
all tho centuries of human history. 

What, then, maintains tho fire ? It is quite certain, 
in tho first place, that it is not a case of mere combus- 
tion, As has boon said, only a few pages back, it has 
boon shown that, oven if tho sun wore mado of solid 
coal, burning in pure oxygen, it could only last about 
six thousand years : it would have been nearly one third 
consumed since tho beginning of tho Christian ora. 
Nor can tho source of its heat lie simply in tho cooling 
of its incandescent mass. Hugo ns it is, its temperature 
must have fallen more than perceptibly within a thou- 
sand years if this worp tho case. 

Many different theories have boon proposed, two of 
which now chiefly occupy tho field, Ono of them finds 
the chief source of tho solar heat in tho impact of 
motoorio matter, the other in the slow contraction of tho 
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Bun. Aa to tlie first, it is quite certain that a j)nrt oi 
tlic solar heat is produced in tluitwaj; but the quontioii 
is whether the 8iq)p]y of meteoric matter is suineienfc 
to account for any great proportion of llio whole. Aa 
to tlie second, on tlie other hand, there is no qiutstion 
aa to tlie adequacy of tlie liypotliosiB to account for tlio 
whole supply of solar heat ; but there is as yet no diroofc 
evidence whatever that the sun is really shrinking. 

Tlic basis of the meteoric theory is simjjly this ; If 
a moving body bo stopped, citlmr suddimly or grudiiully, 
a quantity of heat is generated whicli may ho oxpresHod, 

in calories, by the formula in which m is the in ass 

OjOoU 

of the body, in kilogrammes, and i} its velocity, in me- 
tros per second. A body weighing 8,839 kilograminos, 
and moving one motra per second, would, if stojiped, 
develop just ono caloiy of heat — o., enough to lioiit 
one kilogramme of water from freozing-point to .1° 
Cent. If it were moving five hundred metros per 
second (about the speed of a cannon-ball), it Avonld pro- 
duce two hundred and fifty tlionsand times as innoli 
heat, or enough to raise the tomporatnro of a inasB of 
water equal to itself about 30® Gent. If it wore mov- 
ing, not five hundred metres per second, but about sovon 
hundred thousand (appreximatoly tho velocity with 
which a body would fall into tho sun from any planofc 
ary distance), the heat produced would bo 1,400 xtyd OC, 
or nearly two million, times as great — snificiont to briiq-; 
a mass of matter many thousand times greater than itBclf 
to most vivid incandescence, and imnionsoly more tlmn 
could be produced by its complete combustion uudor 
any conceivable circumstances. Lord Kelvin (formerly 
Sir William Thomson) lias calcnlatod the amount of 
heat which would bo produced by each of tho planets 
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in falling into tlio sun from its present orbit. The re^ 
suits are as follows, the heat produced being expressed 
l)y the number of years and days through which it 
would maintain the sun^s present expenditure of en- 


ergy: 

iloroury 
Vcims , 
Earth . . 
^rai‘3. , . 
Jupiter. 
Satiu'u, 
Urniiua. 
Neptune 


Years. Daya, 


6 210 
SB m 
95 19 
12 260 
82,264 
0,062 
1,010 
1,800 


Total 


46,004 


That is, the collapse of all tho planets upon the sun 
would generate sudicient heat to maintain its supply for 
nearly forty-six thousand years. A quantity of matter 
equal to only about one one-hundredth of tho mass of 
the earth, falling annually upon tho solar surface, would, 
therefore, maintain its radiation indoflnitoly, Of course, 
this increase of tho sun would cause an acceleration of 
tho motion of all the planets — a shortening of their 
periods. Since, however, the mass of tho sun is three 
hundred and thirty thousand times that of the earth, 
the yearly addition would he only one thirty-three-milL 
iontli of tho whole, and it Avould require centuries to 
make tho effect sensible. The only question, then, is, 
whether any such quantity of matter can be BU])posed 
to roach tho sun. While it is impossible to deny this 
dogmatically, it, on tho whole, seems improbable, for 
astronomical I'casons. In the first place, if meteoric 
matter is so abundant, tho earth ought to encounter 
much more of it than she does ; enough, in fact, to 
raise her temperature above that of boiling water. 
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Then, again, if bo largo a (luunlity of iiiiil.tor luitiniilly 
falls upon tho solar siirfaco, it is ikmuissih’^’ to ntippo-ui 
a vastly groator quantity circulating around tlio suii 
between it and the planet Morciiry. Tho procow by 
which tho orbit of a inoloorio body is ho cliang(jd uh 
to make it enter tho solar altnosplicro is a very kIow 
0110,80 that only a very small prox>ortion of |:lio wholo 
could bo caught in any given year, Kenv, if there welHi 
near tho sun any considerable quantity of iiietoorie 
matter— anything liko tho mass of tho oartli, for in- 
stance — ^it ought to produce a very olisorvablo oiTent 
upon tho inotioiiB of tho planet Mercury, an oilect not 
yot dolcotcd.* For this reason nstrouoinora gonorally, 
while conceding that a portion, and iiossibly a coimidor- 
ablo fraction, of tho solar boat may bo aeconiited for by 
this bypotlicsis, avo cliaposcd to look furtlior for tlieir 
explanation of tho principal rovonuo of solar onorgy. 
They find it in tho probable slow contraction of the 
sun’s diamdtor, and tbo gradual liquefaction and solidi- 
lication of tbo gaseous mass, Tlio snmo total amount 
of heat is in’oducod -when a bodj' moves against a rosist- 
anco wliieb brings it to rest gradually ns if It liiul fallen 
througli the samo distance freely and boon suddoiily 
stopped. If, tlion, tho sun does contmet, hont is nooos' 
sarily produced by tbo process, and that in onornious 
quantity, since tho attmoting forco at tho solar surface 
is more than twonty-sovon times ns groat as gi'avity at 
tho surface of tho earth, and the contracting mass is so 
immense, 

* LcvorrlorconsWoiwl tlmt ho had dotootod in UiomollonH of Moroiiry 
nn iiToguki'lty of tho kind indlontod, bnt muoh smallor. It wii# mioh 
according to his oaloulatlona, os would bo aoconntod for by tho notion of 
ono or Bovoral planota whoso aggrogato nmaa should bo muoh loss than 
that of the earth, Thia was tho basis on whtoli ho foundod liia strong 
belief in tho oxistonoo of tho lulra-Morourlal phmol Vidonu, 
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In this jirocess of contraction, each particle at tLe 
fliirfaco inovcB Inward by an amount ecpnil to tlio whole 
diminution of the solar radius, while a particle below 
the surface moves less, and under a diminished gravi- 
tating force ; but every particle in the whole mass of 
the sun, excepting only that at the exact center of the 
globe, contributes something to the evolution of boat. 
To calculate the ju’cciso amoxnit of heat developed, it 
would be necessary to know the law of increase of the 
sun’s density from the surface to the center ; but Helm- 
holtz, who first suggested the hypothesis, in 1858, has 
shown that, under the most unfavoiublo suppositions, a 
contraction * in the sun’s diameter of about three hun- 
dred feet a year — a mile in a little more than sovonteon 
years — would account for its whole annual heat-emis- 
sion. This contraction is so slow that it would bo quite 
imperceptible to observation. It would require seven 
thousand years to reduce the diameter a single second of 
arc, and nothing less would bo certainly dotectablo. 

Of course, if the contraction is more rapid than this, 
the moan temperature of the sun must bo actually rising, 
notwithstanding the amount of heat it is losing. Obser- 
vation alone can determine whether tliis is so or not. 

If the sun wore wholly gasoons, wo could assort 
positively that it must bo growing hotter ; for it is a 
most curious (and at first sight paradoxical) fact, first 
pointed out by Iaiuo in 1870, that the temperuturo of 
a gaseous body continually rises ns it contracts from 
loss of heat. By losing heat it contracts, but tho heat 
generated by the contraction is more than sufllciont to 
keep tlio tomporaturo from falling. A gaseous mass 
losing heat by radiation must, thoroforo, at the same 

* Tlioao fIguroB Imvo boon nltorod lo correnpond with Langley's vnluo 
of Uio Bolar constant. 
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time grow both amallor nm\ liottor. until lUo (hniBlty 
boeomos so grout Unit the ordinary Iiiwk of gaH(U)nH ex* 
pansion roach thoir limit und ccnulonHalion into Lli(| 
liquid form begins. The sun socnis to huvo arrivcMi 
at this point, if inclcod it wore over wludly gaHO()nH, 
which is questionable* At any rate, so far as wo onn 
now make out, tho oxlorior por(JoU'--i. o., tlio plndo- 
sphero— appears to be a shell of (doiidy nmttor, proeip- 
itated from tho vapors which make up tlio princ.i))^! 
mass, and tho progressive contraction, if it is mdoml a 
fact, must result in a conlinual thickening of this hIujII 
and the increase of tho cloud-liko portion of tlio nalar 
mass. 

This change from tho gasooufl to tho lH|Uid for in 
must also bo aecompaniod by tho liberation of an oinir- 
mous quantity of lieat, suflieiont to inatorlally dinuuiph 
the amount of contraction needed to maintain tho solfir 
radiation. 

Evidently if this theory of tlio source of tlio solar 
heat is correct, it follows tliat in liino it must coino lo 
an end ; and looking backward wo soo tliat tlun’o inn«t 
also hnvo been a beginning. Time was when there wan 
no such solar heat as now, and tlio tiiuo imist come wlion 
it will cease. 

We do not know enough about tlio amount of solkl 
and liquid matter at present in t)io sun, or of tho natiiro 
of this matter, to ealculato tho fnturo duration of tlio 
sun with groat exactness, though an approximate osti^ 
mate can be made. Tho 2)roblom is a little ooniplieatofK 
even on the simplest hypothesis of purely gnsooua con- 
traction, because as tho sun slwinks tlio force of gravity 
increases, and tho amount of contraction nocossary to 
generate a given amount of heat bocomos loss and loss ? 
, but this difficulty is easily mot by a sldllfnl raathoma* 
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ticiaiL According to Newcoml), if the sun maintaiiiB 
its present radiation it will have shrunk to Imlf its pres- 
ent diameter in about live million years at the long- 
est/ As it must, when reduced to this size, he eiglit 
times as dense as now, it can hardly then contiuno to 
bo mainly gaseous, and its temperature must have begun 
to Xalh Newcomb’s concluBion, therefore, is that it is 
hardly likely that the sun can continue to give sufficient 
heat to support life on the earth (such life as we now 
are accpiainted with, at least) for ten million years from 
the present time. 

It is possible to compute the past of the solar his- 
tory upon this hypothesis somewhat more definitely 
than the future. The present rate of contraction being 
known, and the law of variation, it becomes a finrely 
mathematical problem to compute the dimensions of 
the Bun at any date in the past, supposing its heat-radi- 
ation to have remained unchanged, Inclcccl, it is not 
even necesBary to know anything more than the present 
amount of radiation, and the mass of tlie sun, to com- 
pute how long the solar fire can have been maintained, 
at its present intensity, by the process of condonsatiom 
No conclusion of geometry is more certain than that 
the contraction of the sun from a diameter oven many 
times larger than that of Neptune’s orbit to its present 
dimensions, if such a contraction has actually taken 
place, has furnislied about eighteen million times as 
much heat as the sun now supplies in a year ; and there- 
fore that the sun can not have been emitting heat at 
the present rate for more than that length of time, if its 
heat has really been generated in this manner. If it 
could be shown that the sun has been shining as now for 
a longer time than that, the theory would bo refuted; 
nit if the hypothesis be true, as it probably is in the 
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main, we are inexorably sliul: up to the conclusion that 
the total life of the solar system, from its birth to its 
death, is included in some such space of time as thirty 
million years, ISTo reasonable allowances for the fall of 
meteoric matter, based on what wo are now able to ob- 
serve, or for the development of heat by liqiiof action, 
solidification, and chemical combination of dissociated 
vapors, could raise it to sixty million. 

At the same time, it is obviously impossible to assort 
that there lias been no catastrophe in the past — no col- 
lision with some Meandering star, endued, as Oroll has 
supposed, like some of those we know of now in the 
heavens, with a velocity far surpassing that to bo ac- 
quired by a fall oven from infinity, producing a shock 
which might in a few hours, or moments even, restore 
the wasted energy of ages. Neither is it wliolly safe to 
assume that there may not be ways, of which we yet 
have no conception, by which the energy apparently 
lost in space may bo returned, at least in part, and so 
the evil day of the sun^s extinction may be long post- 
poned. 

In 1882 Dr. 0. W. Siemens, of London, proposed a 
new theory of the solar energy much in this line, and 
the scientific eminence of its author secured it most re- 
spectful consideration and discussion. Although it was 
soon abandoned as untenable, on account of want of 
evidence as to some of its fundamental assumptions, 
and fatal objections to it from astronomical consider- 
ations, it is so suggestive and instructive that we have 
concluded to retain the statement and discussion of it 
that was given in a supplementary note to the second 
edition of this book a do^en years ago. 

^'The fundamental conditions^’ of Dr. Siemens’s 
theory are the following, in his own words ; 
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** 1, That aqttooua vapor and oarhon ootnpouodB aro present 
in stellar and interplanetary space, 

‘*2. That those gnsooiis oompoimda aro capable of being duso- 
ciatcil (decomposed into their olomonta) by radiant solar energy 
while in a stato of extreme attenuation. 

‘‘ 3. That these diasooiated vapors are capable of being com- 
pressed into the solar atmosphere by a process of in ter change 
with an equal amount of reassooiated vapors, the intorohango 
being offooted by the oontrifiigal aotlon of the Bim itself/’ 

Granting those conditions, ho argues that the solar 
heat is produced by the recombination of the olcmcntal 
gases contained in a current which is continuall}' drawn 
in upon tho region of the sun^s poles; this current be- 
ing produced by the rotation of the sun, which acts like 
a gigantic fan-wheel, throwing oil the adherent gases 
at its equator, and thus continually removing tho prod- 
ucts of the combustion, and redistributing them through 
space. 

Moreover — and this is the point of tho theory upon 
which he puts special emphasis — ho teaclics that these 
compound gases resulting from tho combustion inter- 
co))t tlie solar heat not received by the planets (heat 
which, from the liuman point of view, would otherwise 
bo wasteclji and utilize it in their own decomposition ; 
tlius tho solar fire is made to prepare its own fuel from 
tho ashes of its own furnace, and an explanation is found 
for its enduring constancy. 

While, for reasons soon to be stated, wo can not ac- 
cept this theory, it may bo said, in the first place, that 
tlicro is nothing aisurd in it. It is not to be put into 
tho category of the speculations which explain gravita- 
tion and tho planetary motions by electric vortices, or 
any similar nonsense. / 

If space is filled with composite vapors, and if rays 
of light and heat can decompose them again into their 
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elonicuts, then, to sonic extent, the tlioory not only may 
be be ti‘uG. A hot Tcvulvin^ f^lolu*, moving 

in a space Jilled with such vapors, imiKl maMssHiirily pro- 
duee siieh currents as Dr. Hicinens imlii'ales, iuhI nlll^t 
maintain a continual lire upon its surface: tlio (pu^stinn 
would only be how great and liow liut u (ire. 

Now, as to Dr. Siemenses fumhunontul liyjxdlu^KuK. 
Probably no one will care to deny tlio poHsihlu exispnire 
of so;?z^ gaseous matter in space, though it smuns niiudi 
more probable that what matter is scNithnuHl iihoiit he* 
tween the planets is mostly in the furm of lilth^ solid 
grains, anch as we see from time to tiiuo in shooling-sluiu 

But an interplanetary atinosphuro of any Kiuisilde 
density is, wo think, irreconcilable with the (dmci'viul 
motions of planets, and especially of comets. Dr, Hiu* 
mens suggests of the densily of the earth V atinns- 
phoro as a possible niaxhnuni, witlumt indicating wlial 
tlm minimum might be. But, in onlur to supply the 
requisite amount of material to keep up the sun^s Imuh 
the density of the interjdauolary atinosphern WfUild 
have to bo somewhere from to ^hm- 

sity of tho air at tho earth’s siirfaco.'*^ 


*Xxi an article, contained in (ho “ Kliictoonlli Oonlui^*' for A|n-U, 
1882, Dr. RiomoiiH, mooting mwm ohjeoliona ihnt Imd hocn uiiutc to }iIh 
theory, Bhows that a current of mingled gimoB, containing live (mr cuiil. 
of imuombhietl hy(|»‘og<;n and inarah-gaa, nml nlnoty-llve per cejjt. nf oxy 
gun, iiUrogon, and neutral gafl, would by lia coinhimtlon account fur u’lu 
whole supply of solar heat, if at the sun’s surfaco (ho dunslty wui-e Uni 
same as that of tho earth’s atmosphere, and tho volocUy a hundrisl foul 
per second. Taking thl.^ estimate, and assuming Umt iho Invimlilng our- 
ront contlnuofi to ho perceptible at a dlstunco oven so great us (Ifty nijjl- 
ons nf miles, and that Us lihunents move lowiinl Urn sun In converging 
linos, we find that tho inlorplanctavy atmosphere niiiKi there have a den^ 
Bity of about yn of the air at tlm earth’s snrfuco If wo supiiosc Uio 
indraught to vanish at a loss distance from tho sun, the donsiiy must bo 
greater. 
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Nt)W ri‘siMhui(ni of uu utuiosj)lKn’(i, of ovou tho 
<lniM(,y inoniioinMl, ho vory KoriouH uj)Oii botlica 

luuviii**;' Iroiii Why (,<) liuiHirod faslor than 

oumitni4mlU, and llio idTcad nmld not fail to ho foU in 
a i-nnhid(‘nil4o rulanlation iiiul a cionK 04 uonl fihorton- 

of Ihinr porio(k Ho Aw u» can bo Jnd^jed from 
llm ohsorvcd holuivior of ICnoWn oomot, iho density 
ol Ihn iiit'orpiniioliiry inediiun (iau not wol! cxceod 
a rt 0 ,'t] iHnfl 0 iko o n,n o ft' oar Hi’s iiiniuHphoro* (Heo 

lltirkiKWH diH(mnrtion of the subjoct in the Washington 
iiHtrononiiriLl ohKm'vatioim for 1870.) 

Hiimu'im indoed roinarkw tlitiA ‘^aasinning that tho 
miiiivr lining Hpiu'c U ati iilinoftt porfoot lluid not lim- 
iloil liy l^ordor huiTiic(‘h, it can ho shown that tim votar- 
dalioii by Irhdion llirongh Huch an attonuatod medium 
would ho vory sliglit indood, oven at planetary voloch 
liond' Jlnt, HO far us experiments go, tho rarefaeiion of 
a gaa does not hmd to Indng it more nearly to tho con- 
(1 it ion iif a porfeel llnid ; on the other liand, it flccms 
to appi’inich ratlno* lo the condition of a congeries of 
ndunto iHolatod jndlets Hying through Bpaco: witness 
tlio plumonicuia of the radiometer and Orookes’s tuhas. 

Aiiotlnu\ and it seenm to im yiuto as Bovions an ob- 
jection li) the iluairy, Hob in the fact tbat it limits tho 
toinp(M'atnri‘ tif {]u\ solar surface to that corresponding 
tn iIhi dinHocialion point of tho gascouB componndB 
there funned ; and this dissociation ])oint for the hyclro- 
eiirhuOH Jiml tliu vapor of water, oven granting a con- 
sidoriibh^ pressun^ at tho solar mirfaco, is nut ahovo 
(l,tK)()^ to Kalir.^ whieli is nnioh below tho tern- 

poraturo of tlio Kinds surface indicated by all tho most 
recent determinations. 

Fiivthermoro, if dio al}florption of radiant eiiorgy' 
within the limits of tlm solar syHtein really amounts to 
ea 
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anything fionRiblc, ilin fitarn (Might In (juifn invimlilis 
or at any rate no hniit mIkhiIiI r<‘}U*h uh iVoin fhcin. 

As to tlu3 (‘.liouiicuil iisHuni]>ti(Mi tliiit tlm liydnH'arlHiii 
compounds wiioii gnuitly mrolkal <‘aa Ih3 dissotnatn<l hy 
the action oi; tlm sun's rays, wo ladit^vn that no <ni' 
donee has boon found of sudi an tdTout. 

And yet one almost rogrotH lliat ilm l,h(un\y cun ool 
be accepted, for it would remove sotiui very soriniiH dif- 
iicnlties tliat now cmliiirrass tlui problem of (Ium^voIu- 
tion of our planetary system, Thoueiu^pted i^onlrjU'Lioii 
theory of Helmholtz certainly appcnirs to allow Ino Ultin 
time for the sun’s lifetime of radiant activity to be mnu 
sistent with a reasonable explanation of tlu^ pna^’SH by 
which the present state of things ban al)oiil. 

While we have moiitionod only thrcii llieorit^s of ilia 
solar heat, the reader will understand that a mnltitinlD 
have been pro})osod and rojecled, some as alisiird inul 
others m inado(juat(3. To the former class belong tlio 
speculations of those who liken the huu to the armaUiru 
of a dynamo or the whirling plate of an ** iniluunee ma- 
chine/^ forgetting tliat in both tlioHu ensos tlie energy 
radiated as light and boat must bo derived ultiniiituly 
from the sun's energy of rotation; and a shii])l (3 calcm- 
lation shows that tliis energy of rotation is not huIU- 
cient to maintain the radiation for oven uno hunclrcicl 
and fifty years. 

'Ihoso thoorios, on tho other hand, that Book to ae- 
count for tho solar heat as tho Biinple cooling of an 
incandeacont body, like a rocMiot Iwll of metal, or by 
the combustion ” of solar material, in tlio chomioal 
sense of the word, or by tlm simple OonclonBation of 
vapors into clouds and the liberation of the Bo-oallod 
latent heat of vaporization— those all, like tlm motoorio 
theory, are utterly inadequate. 
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SVMMA/iJr OF FA0T6\ AND J)JS0UW02r OF TITE COMTITUTIOF 
OF Tim BUN, 

Table of Niimci’ical Data.— Constitution of Sun»8 Nucloua.*— Peculiar 
Pioperties of Gaacs under Jligli Tempomturo and Pressure.— Char- 
ftctorifltio Diffcrcncoa between a Liquid and a Gas.— Constitution of 
the l^hotosphore and Higher Regions o£ the Sun’s Atmosphere.— 
Professor Hastings’s Theory.— Pending Problems of Solar Physics. 

It may bo well to collect into a brief summary tlie 
principal facts and conclusions of tho preceding pages, 
prosoniiiig them in a singlo comprehonsivo view. We 
give first, tboreforo, a table of the staiisilos of the sun 
— tlio facts wbicli can be stated in numbers : 

Solar i)ftrallax (equatorial horizontal), 8*80" d: 0*02'^ 

Moan (listnneo of tho sun from tho earth, 92,886,000 miles; 

149.480.000 kilometroB. 

Variation, of tho clistnuce of tho sun from tho earth between Jami* 
avy and Juno, 8,100,000 miles; 4,960,000 kilometres. 

Linear value of P' on tho sun’s surface, 460 ’3 miles ; Y24’Y kilo- 
motrcB. 

Moan angular semi d inmotor of the sun, 10' 02*0^' dh I’O^ 

Sun’s linear dlamotor, 800,400 miles; 1,894,800 kilomotros. (This 
may, perhaps, he mriahle to tho extent of sovoral hundred 
mllo&O 

Hfttio of the sun’s diameter to the earth’s, 109'6, 

Surfuoc of the sun oomparod with the earth, 11,040. 

Ynlumo, or enhio conionls, of tho sun oomparod with tho earth, 
1,806,000. 

Knsfl, or quantity of matter, of the sun compared with the earth, 

881.000 ± 1,000. 

!i[oau density of tlio siin compared with tho earth, 0’268. 
itoan density of tho sun oomparod with water, 1*400. 
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Foroo of /^Tavifcy on tlio mm*H Murfiujo oomiMUnl with IhaL oji l)iu 
oiirth, 27'<). 

DiBtanooa body would fjill in ouoHocond, -I M* l fui'l ; Ibh’h inuhcu 
inolitialion ol' tho biiiFh ax;iH to tlio T' lh^ 

Lon^ritudo oi! Itrt aHcondinn nudts Y-X'*. uluvvinntun ) 

J)uto whou ilio Huu is at tho undo, Juno J h. 

AXoim tifUO oC tlio huh^h nitatloni duyn. 

Tunc of rotation of llio suii’h oqimlur, ‘Jf5 daya. 

Tiino of rotation at latitndo 2tr\ iJh'Yr) duyn, 

Til no of rotation at latiuulu tJ(l*h daya* 

Tinio of rotation at latitiulc Jrd', 27 T) day a. 

(TlicHO Iasi four mnrihoi’H arc Koniowliat dind>lfid» Iho ronuiilm 
of various authorltioH {giving rchiiUn dldbrlng by HoN’oral ImurH in 
Huinu oasoa.) 

IJiioar volooiby of tlio rotation at Ida cquafor, I'iJdl niiloH 
por Hocnnd ; 2*028 hilonioiroa por Hoannd. 

Total iiiuuUlty of minlight, l,07R,(){)0,00()»0()IVKtlMHitbOI)tld)IHb(i^^^l 
oaiidluB, 

Inloimity of tJio sunlight at tlio ftnrl’aoo of tho Hun, lOtbOiH) tiruoa 
that of a omidlo-ilaino i timoa that of niolal in a noKSoinur 
convertor; X40 tlmoa tlmt of a oalclum-light; JI'J tiinoa that 
of an oleotrio are* 

Briglitnoss of a point on tho auida limb oompaved with that of a 
point near tho center of tho diak, 2h por cont. 

Heat rocolvod por ininiito from iJic aim iqmn a Kqiiaro undre, per* 
pondleularly oxpOHod to the aolar radiation, at the iijipur Hur- 
^00 of the earth's ntmo8|>hcre(//mflaZ«r eojiHnfU), ill) cnlorloH. 
I lent- rad In lion nl the surfaee of tho snn, per K(]Uiire metre per 
minitto, JJHO,000 oalorio.s. 

'fliiokncas of a fllioll of ioo wlihdi would be molted from the aiir- 
faco of the mm por mlnido, fifi’2 foot; or 17*7 nietrea. 
Meobanioal equivalent of the aolar radiation at the Hun'H Hurfaoe, 
eontiniimmly acting, 181,000 liorwo power por afpiure metro; 
or 12,000 (nearly) per squaro foot, 

ICfToollvo tomporaturo of tho solar snrraots about IO,fJO0* Oont.i 
or 18,000^ Fahr, (aocording to Koeottl); about 8,000^ Cent,, 
or 14,400® Fahr. (according to AVIUon and Gray), 

OI eonrso, it hardly ncotl bo ropoated lioro tlmi; tho 
flguroB rolating to tho liglit and lieafc of tho sun nro 
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miioli less reliable than those which refer to its distance, 
diinensionf^, mass, and attracting power. 

Fig. 100 is iiitondod to present to the eye, more 
clearly than any mere description, the constitutiun of 
the siiii, atul the relation of the different concentric 
sheila or on velopea as conceived by the writer. 

The picture is an ideal section through the center. 
The hhick disk represents the inner nucleus, whicli is 
nob acccsi^iblG to observation, its nature and constitution 
being a mere matter of inferoaco, The white ring sur- 
rounding it is the photosphere, or shell of incandescent 
cloud which forins the visible surface. The deptli, or 
thickness, of tliis shell is quite unknown ; it may be 
many tinicB thicker than represented, or possibly some- 
what thiuuor. Nor is it certain whether it is separated 
from the inner core by a deiinito surface, or whether, 
on the otlmr Imnd, there is no distinct boundary between 
thoni. 

The outer surface of the photosphere, however, is 
certainly pretty sharply dolinecl, though very irregular, 
rising at points into faculee, and depressed at otliers in 
Bi)ol8, as shown in the figure. 

Iiumodiatoly above this lies the so-called revei’sing 
stratum,’^ in which the Fraunhofer lines originate. It 
is to be noted, however, that the gases which compose 
this stratum do not merely overlie the photosphere, but 
they also All the interspaces between the photospherio 
clouds, forming the atmosphere in which they float, 
and an attempt has been made to indicate this fact in 
the diagram. (See page 326.) 

Above the reversing stratum ” lies the scarlet 
chromosplioro, with prominences of various forms and 
dlmcnslous rising high above the solar surface ; and 
over, and embracing all, is the coronal atmosphere and 
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tlie niysterions radiftiiee of cloiuls, rifts? and stroamoi’fl, 
fading, gradually into the outor davkness. 

At the center of the aun tho earth is rop resented in 
its true relative diniciisions — xfir three inches 


FiO. 100. 



whicli is taken as the scale of tho sun’s diameter. This 
scale reduces our globe to a little dot only of an iiicli 
across. Around it, at its proper distance, is drawn tho 
orbit of the moon, still far within the photosphere, tho 
moon herself being fairly represented by any one of 
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tluMninuto pointft which make up the dotted line that 
indicat ea her patli. 

I he central nucloua is inado black in the pictiircj 
HUnply for (umvonieuco, and not with my purpose to 
indiciite that the nnittcr wliicli eomposcB it is cooler or 
eveir less brilliantly hiiuiiious than the photosphcro4 It 
is fpiile probable^ indeed, that this central core (which 
eontaiiiR certainly more than niuo tciitlm of the whole 
iniiRs of the sun) is purely r^^^oous, and it is of course 
true thatj cd a (jtvai teinpevatuve and a gaseous 
mass has a lower radiating power, and is less luminoufe, 
than a mass of elonds, such as those whicli constitute 
the pliotosphoro. I hit, on the otlior hand, both com- 
fwession and increase of temperature rapidly raise the 
radiating power of a gas ; and it is highly probable that, 
at no very considerable depth, the growing pressure and 
licat may more than eejualizo matters, and render the 
central nucleus as intoiiBoly bright na the surface of the 
sun itself. 

At the upjicr surface of the photosphere, however, 
and all through it, indeed, the uncondemed gases are 
dark as compared with the droplets and crystals which 
make up the pliotosplioric clouds. Hero the pressure 
and touiperaturo aro lowered, so that the vapors give 
out no longer a continuous but a bright-lino spoctrum, 
wbonover wo get a chance to see them, against a non- 
Imninoiis background ; and, when the iiitenser light from 
the Hrpiid and solid particles of the photosphere shines 
through these vapors, they roh it of the corresponding 
rays, and produce for us the familiar dark-lined spee- 
triiin of ordinary sunlight. 

It is, porliaps, hardly necessary to state again the 
ronsoiis for believing the great body of the sun to be 
gaseous j the argument depends upon the enormous 
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heat at the surface, wliicli keeps the solar atmosr>lioro 
charged with the vapors of our fainiliiir niotals, and the 
fact "that the mean density of the sun is so low (only 
0110 and one fourth times that of water), that it is qnilo 
impossible that any of the substances whicli we liavo 
reason to believe to exist in the sun could have tlie 
solid, or even the liquid, form tlirough any considonible 
portion of its mass. That is to say, if any largo propor- 
tioii of the whole were composed of solid or liquid ii’on, 
titanium, magucsiuin, etc., the density would ho tar 
gi’eater than it really is; and, since tlio temperature, at 
the surface even, where there is free radiation and ex- 
posure to the cold of space, is so high as to keep tliose 
hodiea in the state of vapor, it is not likely tliat, afc 
greater depths, it is low enough to jicrmit their lique- 
faction or solidification. 

Aiul yet tlie theory that tliey are in a gaseous Btata 
is not free from difficulties. A few years ago it would 
have been urged with great plausibility tliat, under the 
enormous pressure due to the weight of the suporin- 
cumbent mass acted upon by the solar gravity — ^nearly 
twenty-eight tiinos that of the eartli, it is to he roniGin- 
bered — any gas whatever must ho liquefied at no very 
great depth below the surface. 

Even on the earth, for example, the density of the 
air decreases one half for every three and a half miles 
of elevation, and it ouglxt to increase in a similar pro- 
portion for every three and a half miles of descent be- 
low the sea-level, if wo drop foi* a moment considerations 
relative to temperature. Since water is about sovoti 
hundred and seventy times as heavy as the air at the 
earth’s surface, it follows, therefore, that at tlie bottom 
of a shaft thirty-five miles deep the air would he naore 
dense than water, if of the same temporatui^e ae at 
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tlio surface; and, boforc a deptli of fifty miles were 
readied, it would become denser than gold, uulesB it 
had first lic|ueiied, and so becoino less compressible* 
If wo take account of the slight decrease of the force of 
gravity as we go below tlie eartlds surface, and assume 
tluit tlie temperature increases, oven at the rate of 100^ 
Fall!’, for each mile of descent, the results will he modi- 
fied, but not materially changed in dmractor* It would 
merely bo necessary to go some ten miles deeper to 
reach the same result* 

Now, at the sun, where the action of gravity is so 
mucli more intense, it is evident that, unless the toil- 
jperabwe rises very mindly Idow the surj^nee^ or unless 
li(picfaction supeiweiies, the density of gases must im 
ci‘ 0 {ise so fast that the mean density of the mass — if the 
sun bo really gaseous — must be vastly greater than that 
of any known metal. 

But lir|uefacLion, as wo now know, can not take 
place under the circumstances. The researches of An- 
drews and his successors have shown that to Hcpiofy 
a gas two things must go togollier — ^iuci'easo of pressure 
and diminution of temperature* For each gas there is 
a so-called ‘'critical tomporaturo,” and, so long as the 
temperature docs not fall helow this point, no pressure 
whatever can reduce tlm gas to tlie liquid form. When 
the tempovaturo has fallen below it, tlion pressure alone 
will produce the desired ofl’cct, and, if the temporaturo is 
very low, only a slight degree of pressure will bo needed. 
Now on, or in, the sun tlio temperaturo can not be 
supposed to be below the “critical points of several 
ef the gases found tliero, and hence, as lias boon said, 
tlieir liquefaction is out of the qiioBtiom Those, thorc- 
foro, wlio are unwilling to admit a Bufiicicnt increaso of 
temporaturo with incrcuBing depth below the solar sur- 
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faco, have boon (liHpOBud to bold that Ibo conlriil pur 
tions of tbo mm iiro not conijiomid, lo any ffrctit o.Ntutil, 
of tho Bamo olcmcnta wlibdi llio bjhu'I ronropo r(>\'<mlH ti> 
ns 111 tlio BoliU’ atinoBjiluii'o, but of kuiiio (lijlVi'oiil; nii 
known boUcI or licpiid Hid ml anon, of ^ri’iil. I'i^iilily iiiiil 
low density. With tins view, {^cnonitly, n Ibo pfoim (ho 
belief that tbo ovolution of Kolar boat is oHHoiitiiilly ii 
surface-notion, protlncod, by Home uiu'xplainotl jh'occbh, 
only wbero tbo exterior of tbo solar orb i'ii(‘oiiiih'rN upon 
Bpaeo, and not of iiocoBHity implyiitfi: any lioat in 
tbo inner doptliB. Tbo older olworvcrB, eHpoeinlly llio 
Ilorficbols, for tbo most imrt liold tbeorioH oBHeiiltiill^v 
like that skotebed abovo. Tbo older llersebel, it ill 
be i-oinoinborcd, ovon contended jirotty vijiforoiiMly I hat; 
tho central globe of tbo aim is a babitablo world, Hliel- 
tercel from the blazing idiotoajdiero by ii layer of euul, 
non-lnminnns clouds. And in nioro roeent timoB Kircli- 
boff and Zollnor have maintained tlmt tlio luiniiiunM 
Burfaoo is either liquid or solid. 

Whilo it is, porlmpti, not posBiblo to denioiiHtralo at 
present tho falsity of this theory, by jiroving that the 
solar nnelons is neither solid nor liquid, and sluuving’ 
tlnit tbo solar Jieat is not confined lo tlio surface, hn(. 
ponnoates Iho whole mass with continually iiicroaBin/.f 
intensity near tbo center of tbo globe, it is yet evident 
enough that it moots tbo oxigoncios of tlio ciiso only by 
calling ill unknown and imaginary substances and uji- 
orations. On tho other band, the gasoons theory, whicdi 
is now generally adopted, involves no now kinds of mat- 
tor or nnknoTOi forces, but eoncoivos of solar pbonoin 
cna as entirely the same in kind as those wo are famil- 
iar with in our laboratories, though imiuensoly dilToronfc 
in degree and intensity. 

If wo only grant that the tomporatiu’o rises rapidly 
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enough from the Biirffieo clownwarfl tlirougli tlio Bolar 
globOj the whole (liHi(3ulty as to tlie flciiKity of Buch a 
gaseous sphere vaiushes. It is true that, ou this viow^ 
tlio central teinpei’atnro must bo treincniclous, even in 
comparison with that of the i)lK)tosphoro. Ihit why 
not? Can any roaBon bo assigned to the contrary? If 
we could suppose the sun wholly made of liydrogerij 
and that the ordinary relations deduced l)y our labora- 
tory cxporimoutB hold behveon the pressure and tern- 
poraturo through all possible ranges of both, it would 
then he a comparatively siinplo matter to compute tlie 
least central temperature which would give the solar 
globe its present density* If, howovor, wo remember 
that other materials, and in unknown proportions, enter 
into the problem, and that in all probability our labora- 
tory-work gives only approximate foriimlte, it is clear 
that such a computation would bo usoIosb, Wc must 
content ourselves for the present wdth vague oxpres- 
sioiis, and say roughly that the intensity of tlio sun’s 
internal heat must as much exceed that of the photo- 
sphere as this surpasses tho mere animal warmth of a 
living body. 

Jhit while, on the whole, it thus scorns probable that 
tho sun’s core is gaROous, nothing could bo remoter from 
tho truth than to imngino that a mass of gas, under 
8U(3h conditions of tomporatiire and pressure, would re- 
somhle our air in its obvious charaeteristies* It would 
bo denser than water ; and since, as Maxwell and others 
have shown, the viscosity of a gas increases fast with 
rising temperature, it is probable that it would resist 
motion Bomotliing like a mass of pitch or putty. 

One might, then, naturally enough ask, why a sub- 
stance BO widely dilTercnt from gases as wo know them 
by experience, and so much rosembling what we are 

I 
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acmistomed to call the Bemifluida, should not 1)0 classed 
witii them 3 -atIior than with the gases. The reply, of 
course, is, that although tljo substance thus bears a 
superlicial likeness to the soinilluitls, its essential char- 
acteristics are still those of a gas, viz., contiiiuons expair 
sion under diminishing pressure witlioiit the formation 
of a free surface of equilibrium ; continuous expansion 
under increasing temperature without the attaiiiuiont of 
a boiling-point ; and, in the case of a inixtiiro of dif- 
ferent gufles, a uniform diffusion of each, according to 
Dalton’s law, without regard to spocifio gravity. 

Perhaps a little fuller c.xjrlanation may bo allowed on 
tliese points, which are often misunderstood. lBu])p060 
a mass of licpiicl to bo contained in a oloso vessel, which 
it just fills, and compressed by some enoianons forco ; 
now let the vessel grow gradually larger, thus relieving 
the pressure. The liquid will expand, at first hooping 
the vessel full ; but at last, even if lieat ho 8 U])plied to 
pi event the temperature from falling, a time will come 
when the liquid will no longer fill the vessel, but an 
empty space will bo left above a well-defined “free sur- 
face of equilibrium a space empty, that is, of the 
liquid, but of course occupied by its vapor. Now, if 
wc take a similar vessel filled with a coinprcsaod gas, 
the density of which may, on account of tho jirossuro, 
at first oven exceed that of the liquid in the enso just 
cited, and allow the vessel to expand in the manner clo- 
senbed, at the same time supplying heat enougli to keep 
the temperaturo from falling, the gas will never coaso 
to fill the whole vessel, nor will it over form a free sni- 
fece like the Iiqmd, however far the enlaigomont of the 
Tessel may be carried. 

^ cylinder with a weighted piston, 
fitting it and movmg freely in it, and, after filling the 
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8piU!0 boloAv tlio piKtoii witli a li<(Hi(l, apply boat to it, 
wo aliall liiul that at lliwt tlio toiiipeniluvo will riao rcifu- 
loi’ly, and Ihu liquid, cxjwndinp; slightly as it M'arms, 
will pusli llio piston bol'oro it. .Hut, wliou a oortaiii 
tcinporaturc, dopondiug upon llic iiaturo of llio licpiid 
and tho pressure exerted l)y the jiislon, has lieon rcaielusd, 
the li(juid will cease to grow liotter hy tlio further ap- 
pliealioii of hoat, and will begin to boil ; and (bo libor- 
atod vapor will riUBO Iho piston and oeenjiy the otherwise 
vacant spueo above tho surfaeo of tho liipild. If, how- 
ovor, tho space oi’iginally below the jiiston wore ooeupied 
by a gas, however tIonBu, no such .thing would happen. 
Tho gas, on tho application of hoat, would rise in tein- 
poraturo, and expand regularly without diseontinuity or 
limit. 

Finally, ns to tho third oritorion which marks tho 
difteronco hotween liquids and gases. In a niixluro of 
liquids of difl'orout spoeifie gnivities, tho dilTerent lunto- 
rials Boparato and arrange thcmsclveji in strata, according 
to their weights, uiilesB they have soino ehoniieal action 
on each other — for oxainjilo, quicksilver, water, and oil. 
Ihit a mixture of sovovul gases, differing however widely 
in spoeifie gravity — for exaiiqdo, hydrogen, oxygen, and 
carbon dioxide — ^lioliaves in no simh way : under all eon- 
ditions of lomporaturo and pressure each gas distrilmtes 
itself tlirougli the xvholo spiieo, precisely as if tho others 
wore not prosont, only moro slowly than if it were alone. 

Although it may not ho possible, in tlio iireseut state 
of Hcionoo, to domonstralo that the ])rincipal portion of 
tho solar mass is gnsoons, this much can at least ho said — 
that a globe of incinuloHcont gas, under conditions sucli 
ns have boon inthnatod, would nocosBarily present just 
such phcnoniona as tho sun exhibits. 

On tho outer surface, exposed to tho cold of space, 
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the rapid radiation would certainly produce tho oon- 
deneation and jweeipitation into luminous cIoucIb ol* 
such vapors as had a b*oiliiig-point higher than thufc oi! 
the cooling surface. These clouds would float iu au 
atmosphere saturated with tlie vapors from winch 
they were formed, and also containing such other va- 
pors as were not condensed, and thus the pccnliariticjs 
of tho solar spectrum would result. On tho other 
hand, the permanent gases, like hydrogen— tlioso not 
subject to condensation into the liquid form uiiclcr 
the solar conditions — would rise to higher elevations 
than the others, and form above the photosplicro just 
such a chromosphere as we observe. Whether, from 
the mere assumption of such a constitution for tho sun, 
one could work out, a prioviy tlic phenomena of sun- 
spots and prominences, is indeed doubtful; but tlum 
far nothing in any of tliem has been observed wliioh 
appears to be inconsistent with this view of tho subject 
—nothing, wo say, unless it should turn out, as wns 
once maintained, tliat the solar surface possesses, so to 
speak, "geographical” characteristics, evinced by tho 
disposition to break out into sun-spots at certain fixe cl 
points as if at those points there were voloaiioeis or 
something of the sort. Of course, the fact tliat; the 
spots are distx'ibuted mainly in two halts parallel to the 
solar equator, involves no difSoulty, for it is easy to 
conceive how, in more than one way, tho sun^s rotabiou 
might lead to such a result: but peculiarities poiTOft' 
nently attaching to individual points on the solar 
face necessai% imply rigid conncctioiiB, such iis aro 
inconsistent with tife theory of a gaseous or even of fi 
fluid nucleus, ;■ Bpt while, aa has heen pointed out on 
p. 150, there is a marked tendency in sjiots to reonr at 
or near the same points during several solar revolutions. 
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there is no eyidonco which establislics the oxiatenco of 
fixed spot-couters ; and tlio idea is to l)e regarded niero- 
ly as a relic of the old llcrscholliaii theory of a solid 
mn. Still it is dilliciilt to test the notion conchisivelyj 
even by means of sucli oxtondod observations as those 
of Oarrington or Spooror^ or the auroral periods of 
Veedcr, since the time of rotation of the solid niielous, 
if it exists at all, is unknown, and this makes the discus- 
sion difficult and unsatisfactory. 

With roforonco to tho constitution of the plioto- 
splioro tl^oro is a general agreeincnt among astronomers. 

A few, perhaps, still hold, as has been mentioned, to tho 
idea that tlio visible surface is a liquid sheet, wJiile some 
believe that it is purely gaseous ; but tho whole appear- 
auco of things, the details of tlie granulation, the phe- 
nomena of spots and faculm, the mobility and variability 
of tho flocculos, all better accord with tho theory adoj)tod 
in these pages, which is a necessary consequence of the 
hypothesis that the sun is principally gaseous. It seems 
almost impossible to doubt that tho photosplioro is a 
shell of clouds. As to the precise constitution of this ' 
shell, however, the form and magnitude of tho com])o- 
neut cloudlets, tho chemical elements involved, and tho 
temperature and pressure, there is room for a good deal 
of imeertainly and dilTerenco of opinion. The more 
common view, apparently- — tlio one, certainly, wliich tho 
writer has hitherto held — is, that tho clouds are formed 
mainly by tho condensation of tlio substances wliicli are 
most conspionons in the solar spectrum, such as iron 
and tho other metals. As to tho form of the clouds, 
also, it 1ms usually been assumed that, as a consoquonco 
of tlio ascending currents by whicli they are formed, 
they are columnar, tlicir height being much greater 
than their other dimensions. 
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Profossm* hm ]>ropnH(»(l a Honu^wliiil; <li(TiT‘ 

ont thoory (alrcacly rofijmxl Ui on wliiah 

avoids some ui: tlio (lilUoultioH of tlu^ nM^rivaid dipolnias 
though not without onooiintoring others which Homn 
just as fornii<lal)lo. 

OiiQ main peculiarity in tlm aHsiinifitiini llial: tlm 
plioloaphoric ‘‘cIoiuIh’' aro fonnod by Mii^ pn‘<upilulion 
of citlior carbon, silicon, or boron (Llin (rlin ‘0 MHOuhorH 
of the carbon group), to the (jxidnsitm (d (dlu'r snip 
stances which are Iohh refractory (havi^ /tunrr /fail/tif/ 
pomts\ and theroforo (mcape prc(U|Mtation. Thoso 
bodies which Jiavo boiling-pointH higher than Hint (if 
this pliotosphoro-oluniont, as it may ho calliHl, will, llmru' 
fore, not exist to any extent in llie vaponnis atmosphere, 
having suffered prccij)itation before th<\y roaidi the visi- 
bio surface. Tlioso only will show tlioir JinoH in tlu^ 
spectrum which Imvo lower hoiling-poiiitR, and so do 
not suffer precipitation at the temperature of the plioto* 
sphere. lie gave this as tlio reason wliy tlu^ lines of 
silicon, etc., do not ap])ear in tlio solar R[a^(d;imni, a re- 
mark which has now lost its force, since the later ^vork 
of Howland and others shows that tlm lines iff (airhon 
and silicon are really present. The carbon lines are 
several hundred in nninlmr, but not cons))i('.iu;>UH heeauHe 
they fall in the violet and ultra-violet. The linos of sili- 
con are strong, hut not nnmorons. ft will at once be neon 
that, if this viow is true, the tompernture of tlio photo- 
sphero is that of the boiling-point (under tlm local c<m- 
ditions of pressure) of tlio silicon or carbon, oi* wlmt- 
over it is whicli forms the clouds. As an objection to 
the viow, it immediately occurs to one that, if tlm car- 
bon, for instance, is precipitated at and below some 
special elevation, yot the vapors of iron, sodium, and all 
the other solar metals will I'iso above It, and, in their 
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turn, will find a level and temperature of precipitation ; 
BO that the photosphorie clouds, instead of being com- 
posed of any single substance, would contain all which 
can find a level and temperature of precipitation any- 
where in the solar atmosphere. As to the form of the 
floGCules, it would seem that the successive precipitation, 
at difioront levels and temperatures of dificrent ele- 
ments in an ascending current, must result in clouds of 
groat vortical extent — columnar,’’ ns wo have called 
thorn. Professor Hastings rather demurs to this, how- 
ever, saying that in his observations he lias met noth- 
ing which would indicate a columnar form of the gran- 
ules under ordinary circumstances.” 

As regards the explanation of the absorption layer 
which darkens the edge of the sun, and the theory of 
sun-spots and their pomimbra, we give bis own words: 

proeipitatod luaforinl rapidly cools on account of its 
groat radiating power, and forms a fog or smoko wliioh sottlos 
slowly tiirough tho spaces between the granules, until rovolatilizod 
below. It is tills smoko wliich pro duooa the general absorption 
at tbo limb, and tlio * rioc-graiii ’ structure of tbo photosphero, 
Whore any disturbanoo tends to inoroaso n downward oon- 
vootion our rent, tboro is a I'ush of vapors at tho outer surface of 
the phofcosplioro toward this point. Tlioso horizontal currents or 
winds carry with thorn tho cooled products of precipitation, which, 
aoou inula ting above, dissolve slowly below In sinking. This body 
of smoko forms the solar spot. 

**Tho upward oonvootion ourronts in tho region of the spots 
are bont horizontally by tho cent rip otal winds. Yielding their 
boat now, by the relatively slow process of radjntlon, the loci of 
precipitation aro muoh elongated, thus giving tho region imme- 
diately siu'ronndlug a spot tbo oharaotoristio radial structure of 
tho ponunibra. 

“This conooption of tho nature of tho penumbra implies a 
ready interpretation of a remarkable phenomenon, amply attested 
by tho most skillful ohsorvors, and, as far as my knowledge goes, 
28 
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wholly unoxplflinodi namely, the hrigh toning of the innor go o 
tbo ponumbra in ovory wolhdevolopod spot. - 

** This intorpretntion is, perhaps, most readily imparted by ft 
comparison of the hot oonvootion currents in the two oases. 
When the convection current ia rising vertically, the modmm is 
cooled by expansion until the precipitation teinporaturo Is roaohod, 
when all the condensible material appears 8'iiddc0yy save as it is 
somewhat retarded by the heat liberated in Iho not. Imincdlatoly 
afterward the particles bocomo relatively darh by radiation. In 
the horizontal currents a very dilTeront condition of things ob- 
tains. Here the mctlhim (loos not cool dy nainioally, by expansion, 
blit only by radiation ; honoo (since tho radiation of the solid par- 
ticles is onormonaly greater than that of tho supporting gas) prac- 
tically by that of tho particles thoinsolvos. Thus, after tho first 
particle appears, it must remain nt its brightest inonndosconco 
until all the material of which it ia composed is prooipiiateih 
From this we see that such an horizontal current must inoroase 
gradually ia hrillianoy to its maximum, and then suddenly dimin' 
ish— an exaot accord an oo with tho facts as observed.” 

The idea that the stratum which produces tho genera) 
absorption at the limb of the sun is a veil of smoko” 
— i. e., of the same minute particles which constitute 
the photosphere, but cooled to relative clarknoss— '1ms 
been already alluded to in a preceding cliapter, So far 
as we know, it is novel and valuable, clearing up a good 
many embarrassing difficulties. It ia so obvious, on 
reflection, that something of the sort must accompany 
the photosphere, that it is surprising that the idea liad 
not been thought of before. Of course, tho particles 
formed by condensation must, inany of tliom at least, 
be carried by tlie ascending currents high above tho 
point of their formation, and cooled so much as to be- 
come relatively dark in comparison with the more vivid 
iucaudesceneo of the regions below, just as the ascend- 
ing particles of carbon, nuconsumed and cooled, consti- 
tute the smoke of a fire. 
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As regards the explanation of spot phenomena, we 
see no special advaiiLugts in tlio idea propovSed, The 
received tlieory regards tlie general brightening at tlie 
inner edge of the penumbra as produced by the con- 
vei'gonce of the luminous iilaments, rendered liorizontal 
by the indraught. TIio </7<rtA*^buU)ous terniination of 
the filaments occurs only occasionally, and is probably 
merely an illusion due to ^‘irradiation.’’ As already 
stated on page 120, with a large telescope, and under 
the finest optical conditions, these “bulbs” assume the 
appearance of “ lisli-hooks,” so to speak, of extreme 
brilliance. And it is diflicult, though perliaps not im- 
possible, to reconcile tlio smoke theory of Bun-sj)ot dark- 
ening with the observations of the writer and Dimer 
U])on the sun-spot spectrum (page 132), which seem to 
show that the absorbing medium is mainly gaseous. It 
may bo that such a smoko as tlio theory supposes would 
carry with it a suflicient cjuantity of coolc<l vajiors to 
Gxi>lain the spindle-shaped, olosc-packccl dark lines that 
aro observed, while the briglit linos, hero and there ob- 
served, can be aceountod for as di^e to overlying giises. 

The idoa that carbon may bo the main coiiHlituont 
of tlio photospliore is by no moans new ; it was first 
seriously advanced, wo believe, by Johnstone Stonoy, of 
Dublin, us early ns 1807, mainly on physico-cbomical 
grounds, and is cntlnisiaBlicnlly advocated by Sir liobort 
Ihill in his recent “ Story of tlio Sun,” It is (piito pos- 
sible that tbo objection liascd upon the lower condensa- 
tion tomporatnro of ii*on and other metallic vapors may 
be fairly met by such considei-ations as explain tlio pres- 
ence of a certain amount of wator-vapor above tbo clouds 
in our own aimosphorot 

As regards tho “ reversing stratum ” very little need 
bo addoch Mr. Locicyor inclood denies its cxistonco— 



tliat is, in tlio sense that there is a thin stratum, dose 
above the surface of the photosphere, in which most of 
the dark lines of the solar spectruin originate. lie 
maintains, on the contrary, in accordance with his dis- 
sociation theory,” that certain of the lines, due to sub- 
stances the most nearly elementary, and having tlicir 
molecules in the highest stage of dissociation, originate 
only deep down in the solar atmosphere where the heat 
is most intense ; others, duo to vapors wit!) molecules 
somewhat loss simple, have their birtli a little higher ; 
and others yet, due to molecules the most complex, arc 
produced only in the most elevated regions of the solar 
atmosphere ; each elevation thus being responsible for 
its own special family of spectrum linos. 

If, however, we reject this theory as not proven,” 
wo get results not very different. 

The vapors of the photosphere and chromosphere 
are not to be thought of as entirely sojDarate and dis- 
tinct, All the gases are found together in tho inter- 
stices between the cloud-granules of the photosphere — 
the unknown substance which produces the green line 
in the spectrum of the corona, the hydrogen, the cal- 
cium, and helium which characterize the eliromo- 
sphere, and the metallic vapors which give tlm revers- 
ing layer its peculiar proporties—tlicse all exist together 
in tho lower depths, unless, indeed, it may possibly be 
the case that at the greater elevations some compound 
bodies are formed which can not exist in tho fiercer 
fires below. So far as we can distinguish between 
these clilierent portions, we may define the photosphere 
as the shell within which precipitation is taking place ; 
the reversing layer, as that lowest region of the solar 
atmosphere which contains sensibly all the gases indi- 
cated by the spectroscope ; tlie chromosphere, as the 
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region of hydrogen, calcium, and helium; and the 
corona, as that upper domain of the solar atmosphere 
which becomes observable only during solar eclipses. 
But tlxG coronal gas itself is most conspicuous and 
abundant right in the photosphere and reversing layer, 
and tho same is true of the liydrogon of the promi- 
noncos. 

It is well, also, to bear in mind that, if any sub- 
stances decoinposablo by heat exist upon the sun at all, 
wo must expect to find them in the higher and cooler 
rcgioiiB of the solar atmosphere. In and near the pho- 
tosphorOj or underneath it, matter must be in its most 
olo mental state. 

As to the mcclianism of the chromosphere and 
prominences, if wo may use the expression, much cer- 
tainly remains to be learned, In many cases, indeed, 
perhaps in most, the forms and behavior of the ])rotu- 
herances are satisfactorily enough accounted for by sup- 
posing that the heated hydrogen and its associate vapors 
is simply forced up into cooler regions by pressure from 
below — a pressure which must result from the down- 
ward inovcinont of the groat mass of precii>itatod mat- 
ter which forms the photosphere. But evidently this 
is not the whole story. Wo must liavo recourse to ideas 
of a dilloront order to account for the somewhat rare, 
but still really numerous and wolbautlmnticated in- 
stancoa when the summits of prominoncos have been 
soon to rise in a few minutes to elevations of two or 
throe hundred thousand miles, the upward motion being 
almost visible to the oyo at the rate of a hundred miles 
a second or more. 

Yery perplexing, also, is the indubitable fact that 
clouds of this prominonce-ui alter sometimes gather and 
form without any apparent connection with the chromo- 
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spliere below, apparently just as clouds form in our own 
atmosphere, by the coiulensatioji of vapor, before invis- 
ible, On the whole, it looks very much as if we must 
regard the prominences as differing from tlie surround- 
ing medium mainly, if not wliolly, in their luminosity 
— as simply superheated portions of an imnieuso aiinos- 
phere. 

But, then, we immediately encounter tho diflicuUics 
so ably urged by Lane, Lockyer, and others, that tho 
existence of hydrogen of any appreciable density, at tho 
elevation of even a hundred thousand miles, imjdicB a 
density and pressure at the surface of the jdiotosphoro 
so high as to be entirely inconsistent with the spectro- 
scopic phenomena there manifested — unless, indeed, 
under solar conditions, the action of gravity upon tho 
gases of the solar atmosphere is modified l)y some re- 
pulsive force. Tliat such a force is at least conceivable, 
is obvious from the behavior of the tails of comets; 
and many features in the corona point in the same di- 
rection, Of its nature and origin we can not, however, 
assert anything as yet. 

Even more difficult than the problem of the chromo- 
sphere 18 that of the corona. While it is sometliing to 
know that the phenomenon is mainly solar, and that, 
therefore, it must rank in magnitude and importance 
with the most magnificent of natural objects, wo have 
yet to find a satisfactory explanation of many of its 
most obvious features. It is certainly very complex — 
matter meteoric and matter truly solar; orbital motion, 
solar attraction, atmospheric resistance, and actions 
thermal, electrical, and magnetic, are probably all com- 
bined. 

At present it would seem that the most important 
and fundamental problems of solar physics which are 
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now pressing for solution arc those : first, a satisfactory 
explanation of the peculiar law of rotation of tlio sun’s 
surface; second, an explanation of tlio periodicity of 
the spots, and their distribution ; third, a determination 
of the variations in the amount of the solar radiation 
at dilferent times and diltoront points upon its surface ; 
fourth, a satisfactory explanation of the relations of the 
gases and other niatt6rs above the photosphere to the 
sun itself — the prol)leni of the corona and the promi- 
nences ; and, fifth, the discovery of some reasonable 
liypothesis as to tlio sun’s loss of heat by radiation 
wliich would reconcile our estimates of its age and 
probablo futiiro endurance with the demands of evolu- 
tionary theories of the planetary and stellar systems. 

One might name many othej*s of hardly less interest, 
such us til at which has to do with the intimate connec- 
tion between terrestrial magnetism and the condition 
of the solar surface ; but, on the whole, the five named 
scorn to bo those the solution of which would most ad- 
vaneo our science. Not, of course, that wo are to sup- 
pose tliat oven their solution would bring ns in sight of 
the end or limit of knowledge. Each onward step only 
opens before us a now, wider, and more magnificent 
horizon, with infinity still beyond it. 
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ITS IDSifTlFICATIOIf^ Am PJiOPFRTlKS. 

While this work was under revision and passing 
through the press fresh annoiincomonts respecting lioli- 
rnn followed each other so rapidly that it soon bccamo 
evident that it would be useless to attempt to inclndo 
tliem all in the text, and that the better course would bo 
to add a supplementary note wliich should represent as 
nearly as possible the state of our knowledge at the 
date of final publication. 

The famous D^line was first seen in 1868, wlion tlio 
speetroscope was for the first time directed upon a solar 
eclipse. Most of the observers supposed it to bo the 
line of sodium, but Janssen noted its non*coincldonce ; 
and very soon, when Lockyer and Frankland took 112 ^ 
the study of the chromosphere spectrum, tlioy found 
that the line could not be ascribed to hydrogen or to 
any then known terrestrial element. As a matter of 
convenient reference Frankland proposed for tho un- 
known substance the provisional name of ‘^helium” 
(from the Greek ‘Mielios,’’ the sun), and this ultimately, 
though rather slowly, gained universal accoptanco. 

Within a year two other lines (\ Y,065 and \ 4,iY2) 
were discovered in tho cliromosphere spectrum by Rayot 
and Respighi respectively, which like are always 
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present in the promiuonces, but have no corresponding 
dark lines in llio ordinary solar spectrum. It was of 
course early suggested, but without proof, that these 
linos also wore duo to helium. Since then some eight 
or ten other lines have been found, frequently, but not 
always, ])rcsonling themselves in the chromosphoro 
spectrum, and, like the first three, also without dark 
analogues. Moreover, still more recently, D, and its 
congeners have boon detected in stellar spectra — darh 
in tho sijeetra of the “ Orion stars,” hrujH in the spectra 
of (iortivin variables and of the so-called "VVolf-Eayet 
etars ; and holh bright and dark in /3 Lyras’ and tho 
“ new star ” of Auriga which appeared in 1892. 

Naturally there has been much earnest searching 
after the hypothetical element, but until very recently 
wholly without success; though it should be mentioned 
that in 1881, Pahniori, the director of tho eartliquako 
observatory upon Vesuvius, announced that he had 
found D, in the spectrum of one of tho lava minerals 
with which ho was dealing. But he did not follow up 
the announeomont with any ovidoueo, nor has it ever 
received any confirmation, and from what we now know 
as to tho, conditions necessary to bring out tho helium 
spectrum, there is every reason to suppose that he was 
mistaken. 

Tlio matter remained a mystery until April, 1895, 
when Dr. Ramsay, who was Lord Rayleigh’s chemical 
collaborator in tho discovery of argon, in examining tho 
gas liberated by heating a specimen of Norwegian 
clfivoito, found in its spectrum tho D, lino, conspicuous 
and indubitable. Tho mineral was obtained from Ilille- 
brand, one of our American chemists, who had pre- 
viously studied it, and asoortainod that it could be made 
to give off a gas which ho identified with niVt'ogm. It 
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really was nitrogen in part, but RauiBay snspcctod that 
ho should also find argon^ as ho did — and liolinin bo- 
eides, which was unexpected. 

Oloveitc is a speeies of uraninito or pitch' blonde, and 
it soon appeared that helium could bo obtained from 
nearly all the uranium minerals, and from many otliers; 
from many, mingled with argon; from others, nearly 
pure. In fact, it turns out to be very widely distributed, 
though only in extremely small quantities, and generally 
occluded, or else in combination — seldom, if ever, freo. 
It has been detected in meteoric iron, in the waters of 
certain mineral springs in the Black Forest and Pyre- 
nees, and Kayser even reports traces of it in the atmos- 
phere at Bonn, 

It is generally obtained by heating the substance tliat 
contains it in a close vessel connected with an air-pump 
of some kind by which the liberated gases are drawn oil 
and collected, They are then laboriously treated to 
remove as far as possible all tlio foreign elamonts (nitro- 
gen, etc,), since the presence of as much as five or ten 
per cent, of any other gas prevents the now oloinonte 
from giving any spectroscopic evidciico of their pres- 
ence ; they are too shy and modest to obtrude tlicm- 
selves. In many cases, as has been said, argon and 
helium come off together, and certain lines in their 
spectrum are nearly coincident, so that for a time there 
was supposed to bo some close bond of connection be- 
tween them. The latest observations, however, make 
it certain that this is not so: as Mr. Lockyer puts it, 
argon is of the earth, earthy, but helium is distinctly 
celestial,^’ 

Its spectrum has been thoroughly studied by Orookes, 
Lockyor, and Runge, who agree as to all its loading 
characteristics. 
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liiingo, wli08Q work is most eomploto find authorita- 
tive, finds that its Jincs have a remarkably regular ar- 
vangoinont, falling into two distinct ^^sots,’^ each set 
consisting of a principal scries and two subordinate 
onosj the lines in each scries corresponding very accu- 
nitoly to a formula (piito similar to that discovered by 
Halmer as governing the hydrogen spectrum. 

In the whole spectrum he finds (by photography 
mainly) sixty-seven lines, twenty of which only arc in 
the visible part of the Rpcctruin. Of the sixty-seven, 
twcnty-niiiG l)elong to the first set” and tliirty-oight 
to the second. Of the twenty ^WisuaP' lines, tliirtcen 
have been observed in the spectrum of the chromo- 
sphero; the missing linos all belong to tlio second subor- 
dinate eorics of the first “ sot/’ and are so faint in the 
artificial spectrum of tho gas that their failure to bo 
found in tho chromosphove needs no explanation. 

The fact that tho lines thus divide into two mathe- 
matically indepeudont sots has led liungo to boHcvo 
tliat tho helium ohiainocl from the minerals is really a 
mixture of two distinct gases, and ho has found it pos- 
sible to partially separate tho two by a process of cliff u- 
sion. Tho true liolinm’ tho one that gives D, and tho 
other lines that are alwmjs present in tho chromosphere 
spectrum, lie considers to ho the denser of the two ; tho 
spectrum of tho other contains most of the lines that 
appear only occasionally in prominences. With tliis 
view Mr. Lockycr is ontiroly in agroomont. The lighter 
component has as yet received no name. Lockyer calls 
at simply X. 

Tho linos of tho series to which D, belongs are all 
doiible^ having a very faint companion on the lower 
(i. c., red-ward) side, extremely close to tho principal 
line. When Eitngo announced this discovery early in 
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tTuno it at first produced somotliing like consternation 
among spectroscopists, for at that time there still re- 
mained more or loss doubt as to the validity of Bam- 
say’s identification, and the solar had never been 
. observed to have such a companion. Very soon, how- 
ever^ Halo, Hiiggiiis, Reed, and other observers who 
had Bufiiciently powerful instruments, detected the lit- 
tle attendant of Dg in the spectrum of prominences, so 
that the momentary distrust was replaced by absolute 
confidence. 

As to the physical and chemical properties of the 
now gas our knowledge is still limited and our conclu- 
sions embarrassed by the uncertainty whether wo arc 
dealing with a single clement or a mixture — whether 
Dr. Ramsay has introduced to the world one infant or 
a j)air of twins. 

The gas liberated from cleveite, and purified as far 
as jjossible, shows a density just a little more than double 
that of liydrogen, and is therefore much lighter than 
any other known gas except hydrogen itself. If it is a 
mixture the lighter gas must have a density loss than 
two, and may oven prove to be lighter than hydrogen, 
while tho true helium may have a density anywhere 
between two and four, depending on tho proportions of 
the mixture and the density of tho lighter compound, 
It would be very fine, wo may remark in passing, if 
the lighter component could have been identified with 
ooronium,” but this seems impossible since the olmr- 
acteristic 1,4T4 line (\ 5,316) does not appear at all in 
the spectrum of terrestrial helium ’’ derived from any 
source. 

Ramsay’s acoustic experiments tend to show that 
helium, like argon, is monatoraio, but can hardly be 
considered conclusive. If ho is right, the atomic weight 
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of helium must bo not far from four ; but thus far all 
attempts to make it enter into chemical combination 
have failed, though it scorns rather probable that in the 
uraninito minerals it is held by stronger bonds than 
those of mere occlusion* 

Olszewski has tried his best to liquefy the gas, but 
thus far unsuccessfully ; the methods that have con- 
quered every other gas, hydrogen itself included, have 
failed with helium — a circumstance very rouiarkablc, 
since generally a denser gas liquefles more easily than a 
lighter one, and hitherto hydrogen has stood pre-emi- 
nent in its refractoriness. 

Probably the question has suggested itself to every 
reader how it happens that helium, so conspicuous in 
the atmosphere of the sun and many stars, should be so 
nearly absent from our own atmosphere and so scantily 
present in any form upon the earth. The answer seems 
to depend upon two facts — the chemical inertness of 
the substance and its low density. 

According to Jolnmtono Stoney’s deductions from 
the accepted theory of gases, wo free gas of low density 
can remain permanently upon a heavenly body of small 
mass and habitable tomporature, but the molecules will 
fly oil into space, A particle leaving the earth with a 
velocity of about seven miles a second would never re- 
turn to it. Now, according to the dynamic tlioory of 
gases, the molecules of our atmosphere are flying swiftly 
about with velocities (at ordinary tomporatures) of from 
1,S00 to 10,000 foot per second ; the heavier molecules, 
like those of oxygon and nitrogen, move comparatively 
slowly, but if any free hydrogen or helium is present 
its moicculoB take up volocitios several times more swift, 
and any that may happen to be near the upjier limits of 
the atmosphere would bo likely to be thrown off into 
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Space. In tlie case of the moon oven the oxygon and 
the nitrogen would go, since slio is so small that a ve- 
locity not much exceeding a mile a second would carry 
them olf. If this is correct it is easy to sec why we 
now have no apprecialde quantity of free hydrogen or 
other light gas in our atmosphere. 

But while we have no atmospheric liydrogen to 
speak of, hydrogen in comhination is extremely abun- 
dant; one eighth part by weight of all the water in the 
sea is hydrogen ; and liydrogen combines freely with 
many other elements besides oxygon, so that we contin- 
ually liberate it in all sorts of chemical decompositions. 
Helium/ on the other hand, enters into combination 
most sparingly ^is therefore scarce, and even when pres- 
ent is, as we have said before, not easy to detect, 

1895 , 

The most recent investigations with respect to the 
OlAvoite gas, wiiile not oven yot entirely decisive, ratlior 
favor the oonolusion that it is a single element, and not 
a mixture of two or more (1897). 

{Supplementary to page 89,) Carbon linos have lately 
been detected in the spectrum of the chromosphere on 
photographs made by Professor Reed, and visually by 
Professor Halo of the Yorkes Observatory, Many liigh 
nutliorUios consider that the << carbon bands” found in 
the solar spectrum are really due to cyanogen, a compound 
of carbon and nitrogen^ tlms adding the hitter elonionb to 
the solar list. In 1896 Range discovered also in the solar 
speotrum a triplet of oxygen lines, which appear not to be 
telluric, and make the presence of oxygon in the solar 
atmosphere highly probable, if not absolutely certain. 
(January, 1898)» 
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NOTE A. 

OK Tint) ADJUSTMICNT OF TIIJG BFKOTROSOOl'JO. 

Supplornoiitary to page 74. 

Tine following directions nro given in rcaponso to 
the requests of a number of the readers of tins book ; 

A. The first sto]) is to focus the viow4olc8cope ap- 
proximately. Remove it from the spectroscope, and, 
turning it toward the sky, adjust the oyc-piece until the 
wires of the micromotor, if there is one, arc perfectly 
distinct ; then pointing to soino didant object, move the 
micromotor iisolt in or out until tho object is distinct at 
the same lime with tho wires. If there is no microm- 
otor, it is necessary only to set tho oye-pioco to distinct 
vision of tho remote object. It is boat to mako a per- 
manent mark of some kind on tho tube by which tho 
telescope can be again focused at once if it happens to 
bo disturbed. 

Ih To focus tho collimator. Replace the viow-tolo- 
scope on tho siiectroscopo, and if the construction of 
the instriimont permits, remove tho prisms or grating 
and sot tho telescope so as to look directly into tho 
collimator. Bring tho collimator-slit exactly to tho 
center of tho flold of viow and close it so os to mako 
it very narrow. Now, being careful not to disturb tho 

851 
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focus of tlie telesGOpej slide in or out tlio tubo that car* 
ries the slit until the slit appears lu the telescope clear 
and sharp as a fine, colorless line of light, It may bo 
necessary to illiiininato the slit by putting a piece of 
white paper before it, or in some other way. 

It frequently happens that the instrument will not 
allow tlio telescope to be pointed into the collimator. 
In that case we can proceed as follows if the spectro- 
scope has a graimg : Turn the grating until the re- 
flected image of the slit 'is thrown into, tho viow-tole- 
scopD, and then focus the collimator as before directed, 
(In order to get the image of the slit into the center of 
the field of view it may be necessary to touch tho 
screws which adjust the inclination of tho grating.) If 
the grating is truly flat, this method will give just as 
good results as the one first mentioned, and tho gratings 
now obtainable are generally unexceptionable in this 
particular, 

With a prism spectroscope tho best that can usually 
be done is simply to focus the collimator by sliding in 
or out the slit-carrier until the lines of tho spectrum 
are sliarp without touching the focus of tho viow-tolo- 
scope. If, however, the prism surfaces aro not per- 
fectly flat, as often happens, no satisfactory result can 
be obtained in this way, and the prisms aro unfit for 
pi'ominence 07^ swi-^ot observaUonSy although they may 
answer perfectly for some kinds of laboratory work. 

0. Make the slit parallel to tho linos of tho grating 
or the edges of the prisms by twisting the tubo that 
carries it until the spectrum-lines arc perpendicular to 
tlie edges of tlie spectrum ; this is usually done at tho 
time when tho collimator is focused, 

D, To make tho lines of tho grating perpendicular 
to the plane which contains the optical axes of the view- 
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teltfSCoi^G and noil iina tor, [f tho adjuKlnumt happen a 
to 1)0 iHirfect, thon, on turning the grating, the aj)eetva 
will travel straight aerutia the licld of view and without 
either rising or falling. 

If the sj)e(itra run Btruight, i)Ut riao on one fiido of 
the alit imago and fall on the other as the grating ia 
turned, the fault is corrected l)y raising one edge of llic 
grating (ao as to rotate it slightly in its own plane) by 
moans of the adjusting bcvowb. If the spectra run in 
a curve, it shows that the jduno of the grating is not 
])arallel to the axis of rotation and tlie to[) of the grat- 
ing must be inclined a little one? way or the other. It 
is likely to retpiiro several trials to get both adjustments 
perfect, as touching one is apt to disturb the other. In 
Bpectroscopes witli ])risnm the maker is supposed to liavc 
attended to ilie corresponding adjustment If he has 
not done so, it is a rather serious job to make it cor- 
rectly by slightly tii)ping the prisms, and it would take 
too mncli time to dcscriljo the method. 

K. To adjust aoGumtoly the focus of l)Otli view-tele- 
scope and collimator for a special ray of the speetrum. 
(The focus (lilfcj’s somewhat for the dilTeront colors.) 
Suppose the 0-lino is in question : Turn the grating so 
as to living into tlic field of view of tlio view-telescope 
the 0-Hno in the Bpcctruin of the second order on the 
move (lispcrsim side of the slit-image. (This Bpectrum 
has the ilue end between the olisorver and the collimator 
as lie puts his eye to the oye-picco.) Ih’obably lie will 
And that tlio lino is not (piito sharp; if so, make it 
sharp by focusing the aoUimMor without toucdnng the 
toloscope-focnR as deternuned on a distant object. 
Next turn the grating bo as to bring in the second 
order 0 in tho less dis 2 )crsed spec^trum on the other 
side of tho slit-imago, Tlie telescope will ho now per- 
U 
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liapa perceptibly out of focus ; if so, focus the ielem>j)o 
tliis time, leaving tlio collimator inidisturbed. Then go 
bade again to the more dispersive side and 6co if the 0- 
lino is still in focus ; if not, readjust tlio GolliinaUiv- 
focus again. It will need only a touch. Of course, if 
found necessary, a third approximation can be made in 
the same way. Always focus the GolUmator on the 
7nore di&jgcvmd spectrum and the telescope on the Iohh 
dispersed, alternating back and forth until the adjust- 
ment becomes perfect 

F. To adjust the slit to the focal piano of the equa- 
torial to which the spectroscope is attachech Take out 
the eye-pieco of the equatorial, turn the Bpcctros(!0])o 
around until the slit lies nearly north and south, and 
diiect the instrument to the sun, pointing it so that the 
nortliorn or southorn edge of the sun’s imago lies across 
tlie slit, nearly in the middle. Use a dark glass in 
looking at the imago, otherwise the cyo will be da}5/decl 
and lose much of its sensitiveness. Move the whole 
Bpectroscopo nearer to or fartlier from the object-glass 
of the equatorial until the edge of the image appears 
to be sharp on the slit-plate ; this will give an appj'oxh 
mate adjustment. Now loolc into the spectroscope and 
bring tlio OJinc to the middle of the field. The spec- 
trum will be divided lengthwise into two halves, one 
yery bright — the spectrum of the sun itself — the other 
fainter — the spectrum of our own illuminated atmos- 
phere. Focus the view- telescope very carefully upon 
i\\Q dxistdines in the spectrum (which arc always more 
than sufficiently abundant), and see if then the dividing 
boundary between the two halves of the spectrum is 
also perfectly sharp. If not, correct the approximate 
adjustment slightly until this condition is fulfilled. 
This last adjustment can be made satisfactorily only 
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wlion tlic air is very steady, and, once obtained, per- 
manent marks should be made wliieh will enable it to 
be rceovored if disturbed. Moreover, the adjustment 
will be diilcrcnt for the dilTerciit rays of the spectnnn 
(sec page 73), The focal length of an ordinary achro- 
matic object-glass is shortest for rays between D and E, 
is a little longer for (J and F, and about the same for 
both, and is considerably longer for the indigo and 
violet, In a telescope with a focal length of a dozen 
feet the diltercnco between E and II is fully three- 
quarters of an inch. 

It is perhaps worth noting tliat the best thing witli 
which to clear out dust from the slit, so far as the 
author’s experience goes, is a little piece of soft win to 
pine shaped like a toothpick ; almost any other kind of 
Vood loaves shreds in the slit-jaws* 

NOTE B. 

Supploinontjuy to page 81, 

"As a rule, the spectrum of a Innunous gas consists 
of a great inimher of lines, Bometimes, as in tlio caso of 
iron vapor, to l)o» counted by thonsands. 

In the spectra of many of the elements thoro is no 
obvious regularity in the arrangomoiit and spacing of 
the lines ; but in many also the lines, as has been sliown 
by Balnior, Kaysor and Rimgo, and other observers, 
fall more or less coniplotoly into series,” in which 
they arc spaced with perfect regularity according to 
very 8ini])lo matboniatical formnlra* 

Tim linos of hydrogen, for instance, form a single 
series : beginning with the 0-linc in the i‘ed, wo have 
next E in the blue, and this is followed by some twenty 
moro (already observed in tlio laboratory and in tho 
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spectra of the sun and various stars) whieli crowd uiorc 
and more closely together as they run up into the ultra- 
violet region of the spectrum j their wuve-lengtlis being all 

given by the one simple formula, X = 30i0’l f j* ) > 

in which X is the wave-length of a lino on Rowlamrs 
scale, and 7 i is always one of tho evoi numhers, (>, 8, 10, 
12, etc., hegiiining with 6, since 4 or any smaller num- 
ber would give an impossible result. 

It is a very curious fact that, while ordinarily wo 
find in the spectrum of hydrogen only lines that corre- 
spond to the even values of n, Pickering has found in 
the spectra of certain stars, of which Zeta ]^iip])iR is 
the most conspicuous example, a series of intermediate 
lines which fall in between the linos of tho usual hydro- 
gen scries and correspond accurately to the same for- 
mula with the odd values of n (5, 7, 9, 11, etc.), replac- 
ing the even. 

More frequently than otherwise tho spectrum of a 
substance contains more than one scries — that of helium, 
for instance, consists of six> In some cases the series run 
in the opposite direction, the successive linos crowding 
more and more closely together as they approach tho red 
end of the spectrum; tins is the caso witli tho hydrocar- 
bon bands which characterize the spectrum of a comet. 

Very often, perhaps uflually, the spectrum of an 
element contains besides the lines which fall into scries 
a number of others which seem to follow im law ; and 
not imfrequently these unsocial linos are among the 
most important and conspicuous of all ; for instance, 
the H and K lines of calcium. 

The explanation of these peculiarities of spectrum 
structure is not yet known, but must be connected with 
the structure of the molecule itself. 
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NOTE O. 

ON THE Hlt:VKHSrN(4 RTUATU^NE AND ITH SPEOTRUT^r, AND 
ON Tine spian'RiDsi OF Tine (X)rona. 

Supplomoniary to pages H)j, 825, and 889, mul to pages 258^202. 

Tlio obsurvation nuulo by the writer ie ;18V0, de- 
scribed on pages 82 and 83, received a bountiful plioto- 
grupliic conlirmution during the total eelipse of llSOG. 
Mr. Sliuckl(3tou, tlio ])liot()graphor of an English party 
at a station in Nova Z.enibla (the only party which was 
not bullied by bad weather), secured an instantaneous 
l)]iotograpli at the critical moment with a so-eallcd “ pris- 
matic camera/’ which is simply a camera witli (in this 
case) two largo prisms in front of its lens, no collimator 
boing used — a photogi'apliic ‘‘slitlcss spoctroseopo.” 

Wlicn the sun’s disk is reduced to an extremely 
narrow crescent by the encroaching moon, this creacont 
itself acts like tlio slit of an ordinary spectroseojic, and 
])hotograj)li8 taken with such an instrument immediately 
before totality are just like the usual solar sjioctruni, 
except that the dark Eraunliofor linos are roiilaccd by 
dark crescents — negatim images, so to speak, of the 
still uncovorod portion of the disk. As soon, liowevor, 
as the photosiihoro diHa])pearR, the remaining, miicli 
fainter, crescent is simjdy tlio solar atmosphere, and if 
the observation of 18V0 was correct, its photograph 
ought to show a sorios of hrUjlit images replacing tlie 
former dark ones, and it did. 

Mr. Sliackloton watched the waning cvoscont with a 
small direct-vision prism liekl in the hand, and at the 
instant when the brilliant dark-lined spectrum vanisliod 
ho “pressed the button” and caught on liis plate the 
“ flasli-spocti'um,” as it has been called by Mr. Lockyort 
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The oxpOBUro was about half a second. Tho photo^ 
graph shows a long range of several luiiidrcd bright, 
curved images, of which there are nearly 250 in tho blue 
portion of tho spectrum between F and H. About 
25 are much more extensive and conspicuous than 
the others, and are images of tho chromosidiore and 
prominences, They are due to hydrogen, calcium, 
helium, strontium, and one or two other elomonts 
which often appear in tho cliromosphcro. The rest 
are simply reversals of the Fraunhofer lines, ns M\\ 
Shackloton has shown by developing the ilash-spectruu^ 
into a bright-line spectrum of tlio usual form (which h 
easily done by a simple mechanical contrivance), and 
comparing it with an ordinary dark-line solar spoctruu^ 
photographed with the same camera and prisms, but 
with tho addition of a collimator and slit. The agroc^ 
merit is practically complete, although there are two or 
three somewhat conspicuous Fraunhofer lines which are 
missing in the flash-spectrum, probably because they 
originate not above the surface of the photosphere, 
but in its depths, as probably also do the wide hazy 
shadings that accompany the II and K lines and some 
others, but this is a matter for further investigo. 
tion. 

A second photograph, taken not moro than five or 
six seconds later, shows only tho chromospborio images, 
proving of course that the stratum of the solar atmos^ 
phere which produces the Fraunhofer lines by its ab^ 
sorption must be extremely thin. This is perfectly in 
accordance with the view expressed on pages 326 and 
339, and does not at all favor the opposite Dissociation 
Theory ” of Mr, Lockyer, according to which the lines, 
many of them at least, are produced only at a consid- 
erable elevation, whore the temperature is low enough 
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to allow tlio rocoinbinatiou of elements dissociated iu 
the hotter regions underneath, 

A photograph made by the same instrument about 
the middle of the eclipse, with an exposure of nearly a 
minute, shows very liiioly the green coronal ring, corro- 
s])ondlng to the old lino” and sovenil others in 

addition. These are all iu the violet i)iirt of the spee- 
truin, and are extremely [aint, excepting one which is 
a little below II. arc all probably duo to the 

^ eaino hypothetical element, still uiiidentiliod, but pro- 
visionally named ‘^coronium,” The photograph also 
Boenis to make it certain Unit hydroyen^ hdiuni^ and 
calcium^ though brilliantly consj)icuuus u]X)n the plate 
iu the images of tlio proiniiiences, are entirely obHcnt 
from the coronay a result agreeing with that deduced 
from similar photographs made in 1893, but only re- 
cently published. It is (jiiito clear that the earlier ob- 
servations (referred to on pages 200, 201, and 202) 
were misleading fi’om tlio fact that the aiiparatus did 
not snillciGiitly guard against tlio olTccts of the illumina- 
tion of tlio air by light from the prominences, 

NOTE J). 

SHIFT OF ePKOmUM LINKS OAUSKI) UY OllANGK OF 
PUl^HSUUK. 

Supplomontavy to page 08. 

An important series of observations, maclo at the 
Johns Hopkins University by XlumpliroyB and Mohler 
in 1896-90, has shown conclusively that clmngos of 
pressure alter tlio position of linos in the spectrum in 
preoisoly the same way as does motion in the lino of sight 
(approach , or roecssion). 



360 


SUPPLEMENTARY NOTES. 


Increase of jyressure upon gaseous moleculos wlnoli 
are emitting or absorbing light shifts the lines of the 
sjyect/t^um toward the red by an amount wliieli is pro- 
portional to the change of pressure and to the wave- 
length of the line affected, but is dilferc3Ut for (liflereiit 
elements, and, in some cases at least, diiTors for the 
lines belonging to the different “ series ” (Note pages 
355) in the spectrum of a given element; thus, for in- 
stance, the shift of H and IC is only lialf as groat an 
that of the calcium-lines which belong to the two regu- 
lar series. 

This pressure effect is very slight; in the case of 
most substances a pressure cliango of tun utmosphorua 
(150 pounds to the square inch) produces a disphicu- 
meat much less than would a velocity of a mile a sec- 
ond. Still, even this amount is a quantity whiclx can 
not be neglected in the investigation of tho motions of 
the stars, and tlio comparison of the difference of tho 
shift of lines of different elcmonta may ultimately give 
us important informatioii as to the atmosphorio pres- 
sures existing upon the stellar surfaces, and sp of tho 
intensity of gravity there prevailing. In tho rovera- 
ing layer’’ of the sun the pressure appears to bo bo- 
tween four and seven atmospheres* 


NOTE K 

Supploinonlary to pagc.s 141 -' 144 , 

Kecent important and elaborate matliematieal in- 
vestigations by Wilsing, of Potsdam, and Sampson, of 
Durham Oollege, England, point to tho couolnsion that 
the explanation of the Equatorial Accolcration ” of tho 
sun, which has so long perplexed tho students of solar 
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pliysics, is to bo not in forces and conditions at 

present acUngj but in a slowly dying ‘‘ survival from 
an Giirlior state of things. As AVilsing expresses it, 
“ AVo are relieved from the dUHeulty of accounting fur 
the maintenance of these currents on mcclianical and 
physical principles, since they appear as the result of 
earlier conditions of motion/’ While the present con- 
ditions are sucli as tend to destroy the observed in- 
equalities of motion, and will ultimately bring tlio sun 
to the saino state of unifortu rotation as a solid globe, 
yet the ])rocess is so slow that the present behavior will 
continue practically unchanged for thousands, if not for 
millions, of years. Near the center of the sun this 
slate of uniform rotation lias probably been already 
readied, but it will be ages before the surface drifts 
will disappear, and tlio change in a century or two will 
bo cpiito too small to bo doteoted by any possible o1:)sor" 
vations. 

Tt is perhaps worth while to add in this connection 
that the siicctroscqpic observations of Jewell and others 
at Johns Jlopkinsgivo results as to the sun’s rotation in 
practical agreonieiit with those of Dun6r, quoted on page 
1 01. They appear also to indicate further that the lower 
lying strata of the solar atinosidiero move more slowly 
than those at a liighor elevation, and take longer to 
complete a rotation. But the observations are so doli- 
cate that tins can not yot be considered as established 
bo vend ciuGfltion. 
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neiicofl, 100, 

used in determining sun’s ro- 

tntioii period, MO. 
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Flashes reportcil by Peters in sun- 
spots, 123. 

h*ainaiulor, drawing of oollpso of 
1871, 247. 

Forbes, valuo of solar constant, 200. 
Foucault, comparison of olootrio and 
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— determination of tho volooity of 
light, 84. 
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Frnunhofoi\ discovery of dark linos 
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iiiopilo upon rndiutioii of tJuii'Hpotu 
ntul ilUl'orout poitions of tho siui'fl 
disk, 170, 2P8. 

Iloi’seliol, Sir Joiin, lueiisuromont of 
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and recognition of bright linos oi 
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the sun, 812, 813. 

on connection between Bun-apots 

ami magnetic storms, 109. 
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flun’s rotation, 100. 
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Laugior, sun’s equatorial necolora' 
lion, 188. 

Laiissedat, iiorizontal pIiotohoHo- 
graph, 27. 
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oli-oumferonoo of tbo sun, 218. 

r— vibrating ftllt for observation of 
prominonocs, 200, 





3^0 
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— A and 11 linos of, Idontlflod by 
Egoroff, 08, 

._Bbown by Jansson to 

bo atmospheric, 03. 

— spectra of, Soliustor, 00, 
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impoitanco and difUoulty of 

the problom, tO, 18. 



INDKX. 


IVftllax, flo)(ir, Rynop.sift of inotliodH 
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— voloaiiio theory of Run-apotfl, 

ira 
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Ibimsiiy, idontifloallon of bolium, 86, 
345* 

Kailyard, briglitiioas of tho inner 
corona, 255. 

— memoir on rcoent oollpsos, 240, 
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— clisoovory of Argon, 88, 346, 

Eceurronco of siui-t^pots at Rpeciul 
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the oorona, 264, 

Rotation of tho sun doinonstratocl 
by displaooinont of linos in tho 
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— — theory of the corona, 271. 

i8olioinor, Fatlior 0., dlscovory of 

sun-spots, 114. 

Solioinor, J., on solar tomporaturo, 
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— deaevihod and dlaoMHflud, 81-78, 
Speolruin, explanation of Ita for- 
mation In a Kpeoli'fJHCope, 01, 
09. 

— dlirrnctlou, 07, 72. 

— llneft, dlHplncomoni of, hy motion 
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